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Adsorbents with positive surface charges have been prepared with polypyrrole (PPy)-
coated granules and studied for the removal of negatively charged compounds in recently 
years. In this project, surface-aminated PPy-coated granules (i.e., APPy-coated granules) 
are studied to develop a more effective adsorbent. The adsorption performances of PPy-
coated and APPy-coated granules are evaluated for the removal of humic acids and the 
separation of protein (Bovine Serum Albumin-BSA).  
 
Adsorptions of humic acids by PPy-coated and APPy-coated granules are conducted at 
different pH, ionic strengths (IS) and initial concentrations of humic acids. APPy-coated 
granules are found to be more effective than PPy-coated granules in humic acid adsorption 
under the same adsorption conditions. The adsorption of humic acids increases when 
solution pH decreases and solution ionic strength increases. 
 
In the BSA adsorption, the maximum adsorption amount was achieved at the isoelectric 
point (IEP) of BSA (pH 4.9) for both PPy-coated and APPy-coated granules, and APPy-
coated granules showed better adsorption performance than PPy-coated granules, 
especially when pH value was higher than 4.9. Higher IS increases the solubility and 
results in lower adsorption. BSA adsorption was affected by the agitation speed, and the 
sensitivity to temperature changes was not significant at 25 degrees centigrade. 
 
Keywords: PPy; APPy; Humic Acids; Bovine Serum Albumin (BSA); Isoelectric Point 
(IEP). 
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Adsorption is widely used in various industries as a separation and/or purification process. 
In the adsorption process, a solid phase is made in contact with a fluid phase and 
preferentially concentrates or adsorbs certain specific substances from the fluid onto the 
solid surfaces. The solid phase is often called as “adsorbent” and the concentrated 
substances as “adsorbate”. 
 
Adsorption with conventional adsorbents, such as activated carbon, for the removal of 
trace amounts of organic compounds or metal contaminants has been used in water and 
wastewater treatment for many years [Lee et al., 1981; Jansen et al., 1996; Teermann and 
Jekel, 1999]. The process is relatively simple and the performance has been quite effective 
for small molecules or ions (usually of the sizes in a few nanometers and below). There 
has been increasing interest in using adsorption to remove or separate macromolecules in 
recent years, such as for humic substances removal in water treatment or protein 
separation in bioengineering. The success of adsorption with conventional adsorbents for 
this purpose has however been very limited. Many researches are therefore initiated in 
recent years to develop new adsorbents for the applications of removal / separation /  
purification of macromolecules. 
 
There are various natural organic matters (NOM) in the natural environment, such as 
humic substances, carbohydrates, lignin, fats, soaps, synthetic detergents, proteins and 
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their decomposition products as well as various synthetic organic chemicals form the 
process industries. The NOM exists widely in the surroundings, including in soils, 
sediments, and various surface and ground waters [Jones and Bryan, 1998] and it may be 
divided into two classes of compounds: non-humic materials and humic substances 
[Steven and Michael, 1990]. Humic substances which consist of humic acids, fulvic acid 
and humins [Khan and Schnitzer, 1972], can affect water quality adversely in several ways: 
undesirable color, complexation with metals to yield high metal concentrations and 
reaction with chlorine to produce trihalomethanes, which may cause health problems to 
human beings [Ruohomäki et al., 1998]. So it is desirable to minimize the concentration of 
humic substances in drinking water and other process waters [Bai and Zhang 2001].  
 
Processes such as chemical coagulation, anion exchange resin and adsorption have been 
developed for removing humic substances. Although coagulation using alum has been 
widely used, it incurs a high operational cost and generates high volumes of extra sludge 
that is difficult to handle. In addition, it is suspected that aluminum exposure aids in the 
development or acceleration of the onset of Alzheimer’s diseases [World Health 
Organization, 1998]. Since a large fraction of humic substances can be characterized as 
anionic polyelectrolytes, macroporous anion exchange resins in principle may be used for 
humic substance removal. But the break-through curves of humic substances in ion 
exchange columns are not practically favorable after a short time [Ødegaard et al., 1989], 
and the waste regeneration solution has a disposal problem due to its high pH (12.5-14) 
and salt concentration (conductivity 10000-20000 mS/m) [Ødegaard et al., 1999]. Humic 
substances may also be removed through adsorption process, but conventional adsorbents, 
such as activated carbon [Ødegaard et al., 1999], have not been effective for this purpose 
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because of the macromolecular features, water-soluble formations and wide molecular 
weight and size distribution ranges of humic substances. This has made humic substances 
being excluded from adsorption in the small pores of activated carbon. Thus, searching for 
new adsorbents for effective removal of humic substances has attracted great interest [Bai 
and Zhang 2001]. 
 
The interaction of proteins with surfaces is important in protein separation and purification 
as well as in metabolism and its regulation [Kurrat et al., 1996]. Protein adsorption is a 
“ fascinating and complex process known to have great biological impact”  [Mura-Galelli et 
al, 1991], and is of great importance in the chemical and pharmaceutical industries 
[Haynes and Norde, 1994]. In this thesis, bovine serum albumin (BSA) is chosen as the 
protein for separation study. Under different conditions (pH or ionic strengths), the 
structure of BSA may be deformed and reformed. As a macromolecule, the surface charge 
properties of BSA, as in many other proteins, may change to positive, negative or neutral. 
This often makes the separation process complicated. 
 
Dependent on the surface charge characteristics of the adsorbates, the surface properties of 
the adsorbent play a key role in the removal or separation of the various macromolecules 
of environment or biological importance. One of the developments in recent years has 
been focused on looking for novel adsorbents that have better performance for 
macromolecule removal and separation [Seida and Nakano, 2000]. Granular media with 
positive surface charges were developed as the desired adsorbents. They would provide 
attractive electrostatic surface interactions with substances, such as humic acid, and 
Chapter 1 Introduction 
4  
proteins that often carry negative surface charges in solution, thus greatly enhancing the 
adsorption separation performance.  
 
Electrically conducting polymers have attracted a lot of attentions in the last twenty years, 
because of their unusual electronic properties, and have been studied in various 
fundamental and applied fields. Polypyrrole (PPy), one of the conductive polymers, have 
widely been studied, mainly because of its relatively high environmental stability, good 
electrical properties [Street, 1986], ion exchange capability [Hailin and Wallace, 1989], 
and its biocompatibility. Besides the applications in preparing antistatic materials, 
actuators, sensors, polymer batteries, catalysts and electronic devices, largely attributed to 
its environmental stability to oxygen and water, ease of synthesis, and high conductivity at 
room temperature [Green and Street, 1984; Alper, 1989; Parthasarathy and Martin, 1994; 
Rodriguez et al., 2000; Wang et al., 2001], polypyrrole has also been coated on the 
surfaces of conventional materials, such as glass beads and Nylon 6,6 granules, to prepare 
adsorbents which retain positive surface charges in a wide pH range and have good 
adsorption performance for negatively charged colloids, and humic acids [Bai and Zhang, 
2001; Zhang and Bai, 2002a].   
 
Because the positive surface charges of the coated granules are known to result from the 
protonation of the nitrogen atoms (i.e. N+) in the PPy coating [Zhang and Bai, 2002a], a 
novel surface amination method [Goller et al., 1998] was used in this study to increase the 
amount of protonated nitrogen atoms with positive charges on the surface of the PPy-
coated granules to improve the performance of PPy-coated adsorbents for humic acids 
removal and protein (BSA) separation.   






2.1  Humic Substances 
Organic substances in the natural environment may be classified into two categories: non-
humic materials and humic substances [Christman and Gjessing, 1983; Hayes et al., 1989; 
Perdue and Gjessing, 1990; Rowell, 1994]. Humic substances are structurally complex, 
heterogeneous, and have a yellow to black appearance. They consist mainly of carbon, 
oxygen, hydrogen and occasionally of a small amount of nitrogen, phosphorous and 
sulphur. The amount of humic substances in natural waters can range from less than 2 
mg/l up to 40 mg/l, and typically be in the range of 5-15 mg/l [Aiken et al., 1985]. Humic 
substances result from biological decomposition of natural materials, including forest 
residues, grasses, food crops, animal remains and dead microorganisms, with molecular 
weights from a few hundreds for the simple ones to thousands for the large polymeric 
materials. 
 
Humic substances predominantly carry negative charges in liquid solution because of the 
abundance of carboxylic and phenolic groups [Jone and Bryan, 1997]. Due to the 
hydration of the charged groups and electrostatic repulsion between the charges, the 
dissolved humic substances can be distributed in an extended conformation that adjusts 
themselves according to the environmental conditions. Humic substances can affect water 
quality adversely in the following ways: undesirable color, complexation with metals to 
yield high metal concentrations and reaction with chlorine to produce trihalomethanes 
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(THMs) [Ruohomäki et al., 1998], which are known to be the precursor of some 
carcinogenic compounds formed during disinfection of drinking water with chlorine 
[Yamada et al., 1998]. So it is necessary to minimize the concentration of humic 
substances in drinking water supplies and other process waters. Processes such as 
chemical coagulation, adsorption and membrane separation have been developed for 
removing humic substances. Although coagulation using alum has widely been used, it 
incurs a high operational cost and generates high volumes of extra sludge that is difficult 
to handle. In addition, it is suspected that aluminum exposure aids in the development or 
acceleration of the onset of Alzheimer’s diseases [World Health Organization, 1998]. 
Humic substances also tend to foul membranes seriously and thus limit membrane 
application in this field [Nystrom et al., 1996]. Removing humic substances by 
conventional adsorbents often leads to difficulties because of the water-soluble formations 
and their wide ranges of molecular weight and size distribution. Thus, searching for new 
adsorbents for effective removal of humic substances has attracted great interest [Bai and 
Zhang, 2001]. 
 
2.1.1 Humic Acids 
Humic substances may be further divided into three fractions that can be isolated from soil: 
humic acids, fulvic acids and humans. Humic acids are the fraction of humic substances 
that is not soluble in water under acidic conditions (pH < 2) but is soluble at higher pH 
values. Fulvic acids are the fraction of humic substances that is soluble in water under all 
pH conditions. In contrast, humans are the fraction of humic substances that is not soluble 
in water at any pH value. The main portion of humic substances is often the humic acids 
and their salt-humates. Humic acids are primarily found in manure, peat, lignite coal, and 
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leonardite. They are high molecular weight compounds of complex nature. Structurally, 
humic acids may be considered largely to be the condensation products of phenols, 
quinines and amino compounds. A rich soil with a nearly neutral pH value would contain 
a high level of humates, whereas the same soil with a low pH would be replete with humic 
acids [Schnitzer and Khan, 1972]. Among many natural organic compounds occurring in 
natural waters, humic acids are one of the predominant species.  
 
Humic acids are generally considered as complex aggregates of brown to dark colored, 
amorphous high molecular weight substances, but they have some distinctions one another, 
depending on their origin [Jone and Bryan, 1997]. Humic acids include complex aromatic 
macromolecules with amino acids, amino sugars, peptides, aliphatic compounds involved 
in the linkages between the aromatic groups. The main chemical functional groups in 
humic acids are carboxylic, phenolic groups, and amino and quinone with aromatic 
nucleuses of low degree of condensation, incorporated by parts of non-aromatic character. 
The presence of aromatic nucleus with mobile type electrons and the various functional 
groups cause humic acids to have the ability of ionic exchange, complex formation and 
oxidization-reduction reactions. At present, the structures of humic acids are still ill 
defined, despite many decades of research. The hypothetical structure for humic acids 
contains free and bound phenolic OH groups, quinone structures, nitrogen and oxygen as 
bridge units, and COOH groups variously placed on aromatic rings. Figure 2.1 shows one 
of the proposed structures [Miikki et al., 1997], based on the pyrolysis studies and the 
assumption that humic acids have a molecular mass of 5539.7 and an empirical formula of 
C308H328O90N5 [Jone and Bryan, 1997]. Humic acids can have a wide range of molecular 
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weights and possess both hydrophilic and hydrophobic moieties, so that they may be 
adsorbed on the surfaces of many kinds of particles [Sang-Kyu and John, 2001]. In this 
thesis, one of the focuses will be put on the adsorption of humic acids on a novel 





2.1.2 Mechanisms of Humic Acids Adsorption 
 
For the adsorption of humic acids on positively charged minerals, an increase in 
adsorption is observed with decreasing pH and increasing ionic concentration. Verrmeer et 
al. [1998] showed that adsorption of humic acid molecules onto mineral surfaces occurs 
due to electrostatic attraction between the mineral surface and the humic acid molecules, 
combined with a specific (non-Coulombic) attraction. The adsorption amount is 
determined by two opposite forces. Charge compensation and specific attraction enhance 
the adsorption whereas lateral electrostatic repulsion and loss of entropy inhibit the 
adsorption. At high pH and low salt concentration, the humic acid molecules are adsorbed 
Figure 2.1 Structure of Humic Acid [Miikki et al., 1997] 
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relatively flat on the surface, but some parts of the molecule that are not in the direct 
vicinity of the surface protrude relatively far into the solution, due to lateral repulsion 
effects. At low pH and high salt concentration, the adsorbed layer can be described by a 
large fraction of adsorbed segments in the vicinity of the surface but not in direct contact 
with the surface. Due to high fraction of these segments, the adsorbed amount per unit 
area is relatively high. With increasing pH, the positive surface charge can become 
overcompensated by the negative charge of the adsorbed polyelectrolyte and an 
electrostatic barrier arises, which minimizes further adsorption. 
 
Studies by Jones and O’Melia [2000] revealed that it is important to consider electrostatic 
interactions between humic acid molecules as well as electrostatic interactions between 
the humic acids and the surface. Overall adsorption behaviour will depend on the 
combination of both types of the interactions. It was observed that adsorption is enhanced 
around the isoelectric point (IEP) of the humic acids [Fairhurst et al, 1995]. At the IEP, 
where the net charge on the humic acid molecules is zero, there is no net electrostatic 
repulsion between or within the macromolecules. As a result, the humic acid molecules 
are in their most compact state and are able to adsorb in a tightly packed configuration. At 
pH values above the IEP, the humic acid molecules are negatively charged and 
electrostatic repulsion between the humic acid molecules limits the amount of humic acids 
that can be ultimately adsorbed. The experiments by Jones and O’Melia [2000] also 
showed an increase in humic acids adsorption as the ionic strength increases at each pH. 
The increased ionic strength shields the electrostatic repulsion among the humic acid 
molecules. 




Fairhurst and Warwick [1998] showed that some adsorption of humic acids onto inorganic 
colloids was observed at above the IEP although electrostatic repulsion between humic 
acids and the surface is expected. This observation suggests the occurrence of specific 
binding, most likely by a ligand exchange mechanism in which surface –OH2+ and –OH 
groups exchange with anionic groups on the humic acids [Fairhurst and Warwick, 1998]. 
In addition, the adsorption may also involve a surface complexation mechanism between 
mineral –OH2+ groups and anionic humic acid groups. At higher pH, fewer –OH2+ groups 
will be available for binding to humic acids, owing to deprotonation. These specific 
binding mechanisms require the uptake of protons or the expulsion of hydroxyls, which 
explains, in part, the dependence of humic acids adsorption on solution pH. 
 
Other contributing factors influencing humic acid adsorption have also been described. 
This includes the electrostatic repulsion between the adsorbed humic acid molecules and 
those to be adsorbed at higher pH, leading to reduced adsorption of humic acids with 
increasing pH [Day et al., 1994]. Infrared spectroscopic evidence is also available, 
suggesting that the –COO- groups on humic acids formed complexes at the surface of the 
minerals [Gu et al., 1992]. Zhou et al. [1994] suggested that mechanisms such as 
hydrophobicity, van der Waals forces and hydrogen bonding may also have an effect in 
humic acids adsorption. At high pH values, humic acid molecules are ionized and more 
soluble than at low pH values, and they become protonated and are more hydrophilic. This 
leads to increased adsorption of humic acids at low pH values. Zhou et al. [1994] and 
Murphy et al. [1994] also suggested that changes in humic acids conformation with pH 
values may lead to changes in adsorption of humic acids. It is almost certain that, due to 
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the heterogeneous nature of humic acids, the wide range of mineral surface chemistries in 
the environment and the complex nature of waters, adsorption of humic acids on solid 
surface will be a combination of some, or all, of the above mechanisms. 
 
2.2  Proteins 
2.2.1 Background 
Because of the amphiphilic properties, proteins are readily adsorbed form aqueous 
solutions onto most solid surface and the interactions behavior between proteins and the 
solid surface are of great importance in both natural and technical processes such as, the 
separation and purification procedures as well as in metabolism and its regulations. The 
interactions between the dissolved protein and the solid surface resulting in adsorption are 
determined by the compositions and properties of the protein as well as by other 
parameters such as pH, ionic concentrations, initial concentrations of protein, the speed of 
agitation and experimental temperatures etc. Such interaction behaviors have to be 
minimized when they are unwanted, such as biofouling and blood coagulation etc. 
However, the adherence of certain proteins to a solid support is desired in other cases, 
such as the preparation of biosensors, the immobilization of enzymes or the purification of 
proteins [Affinity Chromatography, 1983; Bergstrom and Holmberg, 1992]. Protein 
adsorption onto the surfaces of polymeric materials has been actively studied for the 
development of biomaterials, biological assays, and biosensors, in addition to the 
fundamental research on its driving mechanisms [Chapman et al., 2001]. This process 
occurs whenever an aqueous solution of protein comes into contact with a solid surface. 
The protein diffuses to the surface where it will adsorb and form strong bonds with 
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specific sites on the surface. However, this seemingly simple process can in reality be 
extremely complicated and, despite numerous investigations, is still not completely 
understood [Nadarajah et al., 1995].  
 
2.2.1.1 Structure of Protein 
Being a highly diversified biomolecular group, proteins differ in their physical and 
chemical properties, such as charge, shape, size and solubility, to allow them to carry out 
numerous biological functions. Proteins are responsible for so many functions, including 
binding and transportation of small molecules, enzyme catalysis, gene regulation, 
immunological defense, metabolic regulation and the structure of the cell. As copolymers, 
the structure of proteins consists of about 20-23 different amino acids, which are linked to 
each other to form a linear polypeptide chain (see Figure 2.2). Several proteins are 
composed of a single polypeptide chain, while others contain two or more chains identical, 
RUGLIIHUHQW6RPHFKDUDFWHULVWLFVRI WKHSRO\SHSWLGHFKDLQ LQFOXGH WZR DQG RI WKH
bonds in the peptide unit which are, in principle, free to rotate; the C-N bond, which is 
circled in Figure 2.2 [Horbett, 1995], is fixed because of its partial double-bond character 
induced by mesomery. The side-chains of R and R’  vary in size, shape, charge and 
hydrogen bonding capacity. Since some side-chains are acidic while others are basic, the 
polypeptide can be classified as amphoteric. Also, the variations in hydrophobicity 
(polarity) found in side-chains cause the polypeptide to be amphiphilic. Because of the 
latter two characteristics, it is not uncommon to find most proteins as highly surface active 
[Horbett, 1995].  
 








The primary structure of a protein molecule, which consists of amino acids and the 
position of any disulfide bridges in the polypeptide chain, will eventually affect the spatial 
organization of the same protein molecule in a given situation. In the case of single-strand 
proteins, the spatial organization frequently divides into two distinct groups: the secondary 
VWUXFWXUHZKLFKLVDQ\UHJXODUORFDOVWUXFWXUHLH -KHOL[ -pleated sheet, within a linear 
segment of the polypeptide chain) or the tertiary structure (which is the general topology 
of the polypeptide chain). 
 
2.2.1.2 Isoelectric Point  
Proteins retain net positive or net negative charges, depending on the individual amino 
acid composition, as well as the pH. At certain pH, the molecular protein adopts an 
electrically neutral state, i.e. where positive and negative charges are balanced. When this 
happens, the protein becomes isoelectric [Claesson et al., 1995]. A protein with a net 
charge in an electrical field will move toward the electrode of opposing charge. At 
Figure 2.2 Structure of a peptide unit in a polypeptide chain. 
7ZR DQG RIWKHWKUHHEDFNERQHERQGVDUH
free to rotate; the shaded bond is fixed. R and R’  
represent amino acid side-groups 
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physiological pH, the amino acid residues responsible for the protein’s positive charge are 
lysine, arginine and, to a lesser degree, histidine. Glutamic acid and aspartic acid cause the 
proteins’ negative charge. When the pH is acidic, glutamic acid and aspartic acid residues 
have little charges while lysine and arginine have stronger positive charges. However 
when the pH of the protein solution is raised, the converse occurs. Glutamic and aspartic 
acids both release a proton each and turn negatively charged while lysine and arginine 
residues tend toward the uncharged as the pH is raised to high values. The above 





Alteration of the direction and degree of a protein’ s migration in an electrically-charged 
field can be done through the implementation of an acidic, neutral or alkaline buffer 
system during electrophoresis. As defined previously, the isoelectric point of a protein is 
the specific pH level where the protein is neutral; i.e. has no net charge. It follows that the 
protein will not migrate in a given electric field at its isoelectric point. However, being 
Figure 2.3 Structure of Amino Acids at Different pH [Claesson et al., 1995] 
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isoelectric means that the protein still possesses regions of positive and negative charges, 
even if they balance out. Proteins containing more glutamic acid and aspartic acid residues 
will experience isoelectric points at acidic pH values, while those containing more lysine 
and arginine residues will experience isoelectric points at alkaline pH values [Claesson et 
al., 1995]. 
 
In addition to their amino acid residues, certain proteins consist of other chemical groups. 
For instance, haemoglobin and cytochrome c contain heme, a chemical group composing 
of iron complexed to porphyrin (a system of organic rings). The “ non-amino acid”  
structural groups which attach covalently or tightly bound to the protein polypeptide 
chain(s) are called prosthetic groups [Iroh and Williams, 1999]. 
 
The amino acid sequence and intracellular processing of proteins determine the proteins’ 
structures in various three-dimensional shapes and complicated folding patterns. The 
precision in a three-dimensional configuration of a protein is crucial to its biological 
function. Generally, protein molecules come in globular, elliptical or rod-like shapes. The 
weight for a protein molecule is calculated as a function of the number and type of amino 
acids present in the polypeptide chain. The increase in molecular weight often leads to a 
corresponding increase in size. However this does not hold true for all cases [Arai and 
Norde, 1990]. 
 
As specified in an earlier section, proteins come either in a single polypeptide or several 
polypeptides distinctly related to each other. These polypeptides can either be identical, 
similar, or totally different from each other. The number and nature of the polypeptides 
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within a given protein will largely affect its mass, size and shape. Proteins existing in their 
normal, biologically active states are given the name “ native” . Native proteins that 
undergo the process of losing their distinctive three-dimensional folding pattern and 
biological activity by certain detergents, extremes of pH, organic solvents and heat, are 
termed “ denatured” . Denatured proteins may display radical behavior from their native 
forms in electrophoresis. 
 
2.2.2 Bovine Serum Albumin (BSA) 
Serum albumin is one of the most widely studied proteins and is the most abundant 
protein in plasma with a typical concentration of 5g/100ml. Various researchers have 
studied the structure and properties of serum albumin and its interaction with other 
proteins in order to understand how serum albumin affects the functionality of foods. 
Albumins have been used as a model protein for many and diverse biophysical, 
biochemical and physicochemical studies [Carter and Ho, 1994]. These proteins have the 
interesting properties of binding a variety of hydrophobic ligands such as fatty acids, 
lysolecithin, ilirubin, warfarin, tryptophan, steroids, anaesthetics and several dyes [Peters, 
1985; Narazaki et al., 1997; Curry et al., 1998; Chadborn et al., 1999]. They play an 
important role in the transport and deposition of a variety of endogenous and exogenous 
substances in blood [Kosa et al., 1997] due to the existence of a limited number of binding 
regions of very different specificity [Moreno et al., 1999]. Bovine Serum Albumin (BSA) 
is one of the most representative types of serum albumin and now a lot of studies about 
Bovine Serum Albumin (BSA) adsorption with different adsorbents are carried out. In this 
study, experiments are based on BSA adsorption on PPy-coated Nylon 6,6 granules and 
APPy-coated Nylon 6,6 granules under various conditions such as different pH values of 
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of Bovine Serum Albumin
 
The BSA molecule is made up of three homologous domains (I, II, III), which are divided 
into nine loops (L1-L9) by 17 disulphide bonds. The loops in each domain are made up of 
a sequence of large-small-large loops forming a triplet. Figure 2.4 [Carter and Ho, 1994] 




The albumin molecule is not uniformly charged within the primary structure. At neutral 
pH, researchers [Bos et al., 1989] calculated a net charge of -10, -8, and 0 for domains I, II, 
and III for bovine serum albumin (Figure 2.4). The surface charge distribution is shown in 
Figure 2.5 [Carter and Ho, 1994].  
Figure 2.4  Bovine Albumin Amino Acid 
Sequence [Carter and Ho, 1994] 








Unlike the asymmetric charge distribution on the primary structure, the distribution on the 
tertiary structure seems fairly uniform.  
 
2.2.2.2 Effects of pH on Bovine Serum Albumin 
As pH changes, serum albumin undergoes a series of reversible conformational 
isomerization as indicated in Figure 2.6.  
 
The N-F transition involves the unfolding of domain III [Khan, 1986]. The F form is 




Figure 2.5 Space filling model of serum albumin molecule 
with basic residues coloured in blue, acidic 
residues in red and neutral ones in yellow. 
[Carter and Ho, 1994] 
 
(a) Front view, (b) Back view,  
(c) Left side, and (d) Right side 
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loss in helical content [Weber and Young, 1964]. At pH values lower than 4, albumin 
undergoes another expansion with a loss of the intra-domain helices (Figure 2.6 [Khan, 
1986]). This expanded form is known as the (E) form, which has an increased intrinsic 
viscosity, and a rise in the hydrodynamic axial ratio from about 4 to 9 [Weber and Young, 
1964]. At pH 9, albumin changes conformation to the basic form (B). If solutions of 
albumin are maintained at pH 9 and low ionic strength at 3°C for 3 to 4 days, another 
isomerization occurs, which is known as the (A) form. All these are illustrated as follows 
in Figure 2.7 [Weber and Young, 1964]. Therefore, the capacity of BSA adsorption will 
be greatly affected by the form shape of itself, which is due to the pH value of the solution. 
 
   E <-------> F <-------> N <-------> B <-------> A  
 
pH of transition:        2.7             4.3        8   10 
Name:         Expanded     Fast       Normal      Basic           Aged 




N form F form 
E form 
 
Figure 2.7 Ribbon diagram of serum albumin in its N form, and in 
its proposed F and E forms [Weber and Young, 1964] 
Figure 2.6  Relationship of isoelectric forms of bovine 
serum albumin 
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2.2.2.3 Effect of Heat
 
on Bovine Serum Albumin 
Serum albumin, when heat-treated, goes through two structural stages. The first stage is 
reversible whilst the second stage is irreversible but does not necessarily result in a 
complete destruction of the ordered structure [Lin and Koenig, 1976]. Mild heating up to a 
temperature of 65°C can be regarded as the first stage, with subsequent heating above that 
as the second stage [Wetzel, 1980]. The onset temperature of conformation change as 
found by DSC was 58.1°C and the temperature of denaturation was 62°C. Results from IR 
spectroscopy indicated that beta-sheets were formed when albumin was heated above 
65°C - 70°C [Lin and Koenig, 1976]. The beta-sheet formed was more pronounced on 
cooling and was concentration dependent. 
 
In the reversible structural stage, some of the alpha-helices are transformed to random 
coils. IR Raman spectroscopy will detect them as beta sheets if the side chains of 
neighboring residues of two peptide strands point in opposite directions and are 
perpendicular to a plane so that hydrogen bonds can form between the strands. This means 
that aggregates are formed through the hydrogen bonding of beta-sheets between 
monomers. The beta-sheets formed are most likely to be antiparallel, since they are bound 
to be on the surface of the monomers. Parallel sheets are less twisted than antiparallel and 
are always buried. Antiparallel sheets can withstand greater distortions, namely twisting 
and beta-bulges, and greater exposure to solvent. As the temperature is increased past the 
reversible stage, unfolding of the structure takes place, giving easy access to the formation 
of disulphide bridges. Since disulphide bridges are covalent bonds, this stage is 
irreversible. In this project how the BSA adsorption capacity will be affected by 
temperature is studied.   
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2.2.3 Mechanism of Protein Adsorption  
Attempts were made to understand the adsorption process by investigating the molecular 
contributions to the adsorption process. The primary driving force of protein adsorption 
was considered to be the hydrophobic interactions [Slack and Horbett, 1989]. Electrostatic 
contributions may play an important role as well, particularly for the more hydrophilic 
surfaces [Horsley et al., 1991; Kondo and Higashitani, 1992; Shibata and Lenhoff, 1994; 
Nylander et al., 1994]. In addition, surface geometry and the topography are also likely to 
play a role. This is especially true for the solid with complex surfaces such as block 
copolymers. The protein adsorption is influenced in this case by the conformational 
changes due to the topography and the hydrophobicity of the surfaces [Lu and Park, 1991; 
Israelachvili and Pashley, 1984]. There are other contributions to protein adsorption, such 
as those due to the van der Waals forces, but they are known to be much smaller in 
magnitude [Jeon et al., 1992]. Investigations on the role of molecular forces governing 
protein adsorption were mainly conducted in the case of classical materials such as metals, 
minerals, and polymers [Horbett, 1995]. 
 
2.2.3.1 Proteins at Solid/Liquid Interfaces 
A typical result in exposing an aqueous protein solution to a solid interface is the excess 
amassing of protein molecules at the solid/liquid interface. Despite the mechanism and 
kinetics within the process, protein adsorption (at constant temperature and pressure) can 
only be triggered if the Gibbs energy, G, of the system decreases, given by the equation: 
 
 ads*  adsH -7 adsS < 0  (2.1)  
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where H, S and T are the enthalpy, entropy and absolute temperature, respectively, and  
ads indicates the change in the thermodynamic functions of state resulting from the 
adsorption process. It is possible to answer the preference of proteins for interfaces 
WKURXJKFRQVLGHULQJWKHLQWHUDFWLRQVUHVSRQVLEOHIRU adsG. 
 
Protein adsorption is the net result of the various interactions between and within the 
system components; the sorbent surface, the protein molecules, the solvent (water) and 
any other solutes present such as low molecular mass ions [Norde and Lyklema, 1985]. 
The forces causing the interactions comprise of Van der Waals forces (i.e. dispersion, 
orientation and induction forces), Lewis acid-base forces (including hydrogen bond 
forces), electrostatic forces (including ion pairing) and more entropically based effects 
such as the hydrophobic effect (at least under ambient conditions) and internal packing 
(steric/excluded-volume) restrictions. Examples of intermolecular interactions are 
interactions between protein and surface, solvent and surface, or solvent and solvent.  Also 
intramolecular forces between atoms and residues existing in the protein macromolecule 
FDQDOVRFRQWULEXWHWR adsG. Therefore, full comprehension of the driving force for protein 
adsorption requires a general knowledge of structures and stabilities of globular proteins. 
 
2.2.3.2 Principle Forces involved in Protein Adsorption at Solid/Liquid Interfaces 
At all solid/water interfaces, no one force or effect dominates protein adsorption. 
Nevertheless, there exists convincing evidence that three subprocesses usually makes the 
primary contributions to the overall adsorption behavior, namely: 
(1) Structural rearrangements in the protein molecule, 
(2) Dehydration of (parts of) the sorbent and protein surfaces, and  
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(3) Redistribution of charged groups in the interfacial layer  
Comparatively, the contributions of these subprocesses to the entropy, enthalpy and Gibbs 






(A) Changes in the state of 
hydration surface of the sorbent and 





Hydrophobiclty of the sorbent and 
protein surface  
(B) Redistribution of charged 
groups: 
(1) Electrical part: overlap of 
electric fields  
 
(2) Chemical part: medium change 











Distribution of charge and dielectric 
constants before and after adsorption  
 
Structure of hydration water: valency 
and size of transferred tons  











2.2.3.3 Reversibility of Protein Adsorption 
The reversibility of protein adsorption refers to whether the adsorption of proteins on solid 
surfaces is equilibrium or a non-equilibrium process with respect to sorbate dilution (or 
Table 2.1 Primary Sub Processes Involved in Protein 
Adsorption 
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addition) under otherwise constant conditions. To put it simply, reversibility examines the 
possibility of protein molecules in the bulk solution freely exchanging with protein 
molecules of the same structure and chemistry on the sorbent surface. By reaching to the 
final result, which is often overlooked in the related literature, one is able to determine the 
criteria of thermodynamics applicable to the protein adsorption process, and additionally, 





In a situation of an equilibrium adsorption process, the action of diluting adsorbate in the 
bulk phase actually creates a transient difference in the chemical potential of the adsorbate 
at the interface and in the solution. This chemical potential diffeUHQFH s is then 
eliminated (and equilibrium is re-established) by spontaneous desorption of adsorbate. 
Even though, strictly speaking, adsorption processes may not be entirely reversible (since 
no spontaneous process is completely reversible), however, the equilibrium properties 





2QWKHRWKHUKDQGHYHQWKRXJKWKHGULYLQJIRUFHIRUGHVRUSWLRQ s, is non-zero in non-
equilibrium adsorption, dilution encourages little or no desorption. The system actually 
reaches a metastable state where energy barrier to further desorption is prohibitively high. 
Hence, thermodynamic description of non-equilibrium adsorption processes has to be 
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As proteins are polymers, they are able to form several contacts with an adsorbent surface. 
Yet spherical proteins do not belong to the random coils. The native states of spherical 
proteins in aqueous solution are ordered and tightly structured since almost the entire 
polypeptide backbone is unable to perform rotational freedom. Therefore the formation of 
protein-segment-adsorbent contacts may cause an increase in rotational freedom (i.e. 
conformational entropy) in other areas of the polypeptide backbone. For example, contact 
IRUPDWLRQFRXOG WDNHSODFHZKHQRQH -KHOL[RURQH -sheet partially breaks down. This 
will further promote contact formation until the flexibility of the adsorbed protein reaches 
its optimum. Researchers [Horbett, 1995] compiling data in this area from different 
sources and experimental techniques reached the conclusion that layer thicknesses of 
proteins adsorbed to solids are usually comparable to the dimensions of the native protein 
in aqueous solution. This could imply that although structural rearrangements may occur 
upon adsorption, the internal coherence existing (i.e. stability) within spherical proteins 
prevents them from completely unfolding on a surface into loose “ loop and tail”  like 
structures. Hence at steady state, the number of protein-segment-adsorbent contacts 
formed will be fixed by a delicate balance between intermolecular and intramolecular 
forces. An illustration to the previous statement is the adsorption of a highly stable 
spherical protein (i.e. lysozyme) by a surface to which it is slightly attracted (i.e. 
hydrophilic surfaces such as silica) will, in all probabilities, involve a reasonably small 
number of segment-adsorbent contacts. 
 
Even if the data is extremely limited, there exists some experimental evidence that 
actually strengthen the theory of adsorbed proteins encouraging a larger number of 
contacts with solid sorbents. Researchers [Morrtssey and Stromberg, 1994] used IR 
Chapter 2 Literature Review 
  
26 
spectroscopy for a variety of blood proteins on silica to estimate the number of backbone-
carbonyl- sorbent contacts formed at steady state. At pH 7.4, about 11% of the >C=O 
groups in albumin were in contact with the silica surface; at pH<6, the percentage of 
bound carbonyl groups increased to 18%. For fibrinogen, as much as 20% of the backbone 
carbonyl groups were in contact with the sorbent surface. 
 
2.3 Polypyrrole (PPy) 
2.3.1 Background 
In recent years, intrinsic conducting polymers (ICP) with conjugated double bonds have 
attracted much attention as advanced materials. One of the ICPs that have had a number of 
applications is polypyrrole (PPy) [Skotheim et al., 1998]. Polypyrrole displays many 
interesting properties: redox activity, high surface free energy [Chehimi, 1999] and 
polarity [Liu et al., 1994], Brönsted acid-base chemistry [Pei et al., 1991], good ion-
exchange capacity [Ge et al., 1992], electro-chromatographic stationary phase properties 
[Deinhammer, 1991], exceptional gas transport properties [Liang et al., 1991], strong 
adsorptive capabilities towards gases [Chehimi, 1999] and macromolecules [Saoudi et al., 
1997; Azioune et al., 1999]. 
 
Due to its unique attractive properties, polypyrrole has been used to prepare high 
performance materials for corrosion control of metals [Beck and Michaelis, 1992], 
biosensors [Parthasarathy and Martin, 1994], removal of toxic metal [Senthurchelvan et al., 
1996], and pH sensing systems [Talaie et al., 1997]. The natures of the forces governing 
the interactions between polypyrrole and various species have been found to be important. 
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There have been studies on the physical-chemical interactions of DNA with polypyrrole 
and the kinetics of DNA adsorption onto polypyrrole was diffusion-controlled, which was 
reported by Marx et al. [1993] and Minehan et al. [1994]. Saoudi et al. [1997] found that 
DNA adsorption onto polypyrrole was more effective at pH 5-7 and with the addition of 
salt. This case would be explained by the favorable electrostatic interactions between the 
negatively charged DNA and the positively charged polypyrrole backbone. Moreover, 
hydrophobic forces were also found to be an important factor that influences DNA 
adsorption onto PPy-silica composites [Melzak et al., 1996]. It followed that polypyrrole 
generally behaves as a hydrophobic sorbent towards poly-electrolytes [Robb, 1989]. 
 
2.3.2 Structure of Polypyrrole 
PPy coatings have been proven to possess excellent thermal stability and are thus ideal for 
usage in carbon composites [Iroh and Williams, 1999]. Their preparation involves two 
possible methods: either through oxidative chemical, or through electrochemical 
polymerization of pyrrole [Iroh and Williams, 1999]. Given that the oxidation potential of 
polypyrrole is lower than that of pyrrole monomer, the polymer will be oxidized 
concurrently with pyrrole monomer during the polymerization reaction. Consequently, 
polypyrrole, if prepared chemically or through electrochemical polymerization, will exist 
frequently in its oxidation state, carrying charges in the polymer, since a small amount of 
nitrogen atoms present in polypyrrole are positively charged [Yakovleva, 2000]. Although 
some of the counteranions present in the polymerization solution are integrated into the 
emergent polymer during the polymerization reaction to sustain neutrality of charge, yet 
the presence of the positive charges in the form of nitrogen atoms in the structure of the 
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polypyrrole is beneficial in its applications in adsorption or filtration separation 




As in a similar example of nitrogen in polyaniline, PPy is able to cause a number of 
intrinsic redox states, ranging from states with about 25% oxidized neutral imine-like 
(=N-) structure observed in certain literature [Kang et al., 1990], to that consisting entirely 
of reduced amine-like (-NH-) structure or PPy0. The former is obtained by deprotonation 
of the oxidized and positively charged pyrrolylium nitrogens (-N+H - structure) while the 
latter is obtained via the reduction of the deprotonated polymer by phenylhydrazine. By 
protonizing the deprotonated units through acids or oxidation of ppy0 by electron 
acceptors, the polymer will return to its oxidized and positively charged state [Kang et al., 
1990], presented in Figure 2.9 below: 
 
 
Figure 2.8 Structure of polypyrrole 
Figure 2.9 Interconversion among the various intrinsic oxidation states in PPy. 
                     [Kang et al., 1990] 
 




Research has shown that large enhancement of the adsorption of negatively charged 
colloidal particles or other substances is reached by the positively charged surface of 
polypyrrole, effected through electrostatic interaction or formation of surface complexes 
[Zhang and Bai, 2001; Zhang and Bai, 2002]. 
 
2.3.3 Structure of nylon 6, 6 coated with polypyrrole 
To reinforce and enhance the conductivity of coated PPy, nylon fabrics are frequently 
relied upon. [Heisey et al., 1993] It is proposed that the pyrrole radical cations are first 
adsorbed into the textiles and then polymerized [Myers, 1986]. The process of adsorption 
of pyrrole at the initial substrate–liquid interface dictates the resulting structure of PPy. 
The carboxyl groups existing on nylon backbones will supply a pattern for pyrrole 
monomers via hydrogen bonds, which then yields a well-ordered and organized PPy 
structure [Martin, 1994]. During experimentation, the bonding of PPy in PPy/nylon and 
PPy-coated alumina membrane (PPy/alumina) was good, and coherent and smooth coating 
surfaces were acquired. Other materials like filter paper and PCTE membranes, however, 
showed some texture and granules of PPy on the surfaces. It was deduced that the nylon 
polymer backbone provides a higher affinity to pyrrole monomers, and was accountable 
for higher conductivity and superior adhesion. The binding of PPy to nylon is shown in 
Figure 2.10 below. 






2.3.4 Properties of Polypyrrole 
The properties of polypyrrole have given rise to three main considerations. Firstly, since 
polypyrrole is a conducting polymer, its conductivity and other electrical properties were 
discussed. Secondly, the relationships between these properties and the polymerization 
conditions (i.e. protein-binding capacity, pH value [Smith and Knowles, 1991]) were also 
deliberated upon. Thirdly, the thermal stability and mechanical properties of PPy have 
been taken notice of. In 1994, Biswas and Roy [1994] studied the thermal, stable, 
morphological, and conductive characteristics of the PPy prepared in aqueous medium. 
From their studies, it was shown that PPy displayed four characteristics- one spongy 
texture; an initial decomposition temperature at 180-237 oC; glass- transition temperature 
at 160–170oC; and conductivity below 3 S·cm-1. In addition, these results were dependent 
on the FeCl / pyrrole feed composition. 
 
The mechanical properties of PPy are of significance in practical applications, which have 
developed much interest and study in the area. Generally, PPy manifests a much larger 
Figure 2.10 Binding of PPy to Nylon 
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Young’ s modulus but lower tensile strength in the doped state, as compared with the 
undoped material. 
 
Polypyrrole is also known to undergo protonation or deprotonation reactions when 
immersed in alkaline or acid solution, which results in an alteration of its charges on the 
surface (the surface changed between a charged and a neutral state) [Pei and Qian, 1991]. 
The process of protonation/deprotonation of polypyrrole is represented in Figure 2.11 








2.4 Surface Charge 
2.4.1 Background 
Each particle carries a “ like”  electrical charge, which produces a force of mutual 
electrostatic repulsion between adjacent particles. If the charge is high enough, the 
particles will remain discrete, dispersed and in suspension. Reducing or eliminating the 
charge has the opposite effect – the particles will steadily agglomerate and settle out of 
Figure 2.11 Schematic Presentation of Protonation /   
Deprotonation Behavior of   Polypyrrole 
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suspension or form an interconnected matrix. Solid particles can develop electric charge in 
three principal ways: (1) The charge may arise from chemical reactions at the surface 
since many solid surfaces contain ionizable groups; (2) Surface charge at the phase 
boundary may be caused by lattice imperfections at the solid surface and by isomorphous 
replacements within the lattice; and (3) A surface charge may be established by adsorption 
of a hydrophobic species or a surfactant ion. Preferential adsorption of a “ surface active”  
ion can arise from so-called hydrophobic bonding, or from bonding via hydrogen bonds or 
from London-van der Walls interactions. 
 
2.4.2 Net Total Particle Charge 
Different types of surface charges contribute to the net surface charge on a particle, 
GHQRWHGDV P [Stumm, 1992]. 
 
OSISHOP VVVVV   (2.2) 
 
where P =  total net surface charge; 
O = permanent structural change (usually for a mineral) caused by isomorphic 
substitutions in minerals. Significant charge is produced primarily in 2:1 
phyllosillicates;   
H = net proton charge, i.e. the charge due to the binding of protons or the 
binding of OH¯  ions (equivalent to the dissociation of H+). Protons in the 
difIXVHOD\HUDUHQRWLQFOXGHGLQ P; 
IS = inner-sphere complex charge; 
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OS = outer-sphere complex charge. 
7KHXQLWRI  LVXVXDOO\&RXORPEP-2 (1 mol of charge units equals 1 Faraday or 96490 
Coulombs). 
 
The electric state of a surface depends on the spatial distribution of free (electronic or 
ionic) charges in the neighborhood. The distribution is usually idealized as an electric 
double layer; one layer is envisaged as fixed charge or surface charge attached to the 
particle or solid surface while the other is distributed more or less diffusively in the liquid 
in contact (Gouy-Chapman diffuse model). A balance between electrostatic and thermal 
forces is attained. 
 
According to the Gouy-Chapman theory [Cavalli et al., 2001], the surface charge density 
P [C m-2@LVUHODWHGWRWKHSRWHQWLDODWWKHVXUIDFH >YROW@ 
 




\HHV  (2.3) 
 
where R = molar gas constant (8.314 J mol-1 K-17 WKHDEVROXWH WHPSHUDWXUH .  WKH
GLHOHFWULFFRQVWDQWRIZDWHU  DW& 0 the permittivity of free space (8.854 ×10-
12
 C2 J-1 m-1), c = molar electrolyte concentration [M]. Equation (2.3) is valid for a 
symmetrical electrolyte (Z = ionic charge). At low potential, Equation (2.3) can be 
linearized as  
 
N\HHV 0 P  (2.4) 














N  (2.5) 
 
where I is the ionic strength [M]. 
 
Thus, Equations (2.4) and (2.5) indicate that solution ionic concentration plays an 
LPSRUWDQWUROHLQ P. 
 
Equation (2.3) and (2.4) caQEHZULWWHQIRU&ZKHUH WKHGLHOHFWULFFRQVWDQWRIZDWHU
is 78.5 as  
 




\V 2/13.2 IP #  (2.7) 
 
2.5 Adsorption Isotherms 
Adsorption is often described in terms of isotherms which show the relationship between 
the bulk activity (concentration) of adsorbate (the substance in solution to become 
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adsorbed at the adsorbent) and the amount adsorbed at constant temperature. The 
mathematical formulation of adsorption relationships is usually expressed in terms of 
either the Langmuir or Freundlich equations.  
 
2.5.1 Langmuir Isotherm 
The most simple assumption in adsorption is that the adsorption site, S, on the surface of a 
solid (adsorbent) becomes occupied by an adsorbate from the solution, Applying a 1:1 
stoichiometry  
 
SAAS   (2.8) 
 
where  S =  surface site of adsorbents 
 A = adsorbate in solution 
 SA =  adsorbate on surface sites 
















The maximum concentration of surface sites, ST, is given by  
 
][][][ SASST   (2.10) 
 
Thus, 









T   (2.11) 
 
If we define the capacity 
 




u ][max TSq volume of solution / mass of adsorbent (2.13) 
 









  (2.14a) 
 
Let C = [A] and b = Kads, 
 
bC












1  (2.14c) 
 
where q is the amount of adsorbate per unit weight of adsorbent at equilibrium 
concentration (mg/g), C is the equilibrium or final concentration (mg/l), qmax is the 
maximum adsorption at monolayer coverage (mg/g), and b is the adsorption equilibrium 
constant (ml/mg). 
 
In the derivation of the Langmuir isotherm, the following assumptions were made [Baret, 
1968]. 
1. The solution is ideal. 
2. The molecules adsorb in a monolayer. 
3. Every portion of the surface has the same energy of adsorption. 
4. No adsorbate-adsorbent interaction is taken into account. 
5. Each molecule adsorbs on a well-defined site and adsorbed molecules are localized. 
6. Adsorption is thermodynamically reversible. 
 
2.5.2 Freundlich Isotherm 




/1  (2.15) 
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where q and C are the same as those described in the Langmuir equation, KF is a constant 
and represents the adsorption capacity (mg/g), while n is also a constant and represents the 
adsorption intensity. 
 





1loglog   (2.16) 
It is important to know that Freundlich isotherm assumes infinite supply of unreacted 
sorption sites. The isotherm applies very well to solids with heterogeneous surface 
properties and generally to heterogeneous surfaces [Christine et al., 2001].          




OBJECTIVES AND SCOPE 
 
3.1 Objectives 
The objective of this research is to develop granular adsorbents with positive surface 
charges for separation applications. The target compounds for removal and separation are 
humic acids and Bovine Serum Albumin (BSA) respectively, as these components usually 
carry negative surface charges and are difficult to be effectively removed or separated by 
conventional adsorbents. The objective can be divided into: (i) To prepare PPy-coated 
Nylon 6,6 granules; (ii) To conduct surface amination of the PPy-coated Nylon 6,6 
granules; (iii) To evaluate the physical and chemical properties of the aminated granules 
and compare them with that of PPy-coated granules without amination; and (iv) To study 




The scope of this study is defined as the following: 
 
3.2.1 Development of Granular Media with Positive Surface Charges 
Surface modification will be used to coat Nylon 6,6 granules with PPy, which can have 
positive surface charges in a wide solution pH range. Then, the PPy-coated granules will 
be further treated through an amination reaction to increase the content of the nitrogen 
atoms on the surfaces to enhance the positive surface charges of the granules.  
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3.2.2 Evaluation of the granular adsorbents 
The physical, chemical and mechanical properties of the PPy-coated and aminated PPy-
coated granules will be studied. These include the examinations of the surface 
morphology (SEM and AFM), the zeta potential, FTIR analysis and XPS analysis etc. 
 
3.2.3 Mechanism Studies 
The development of the novel granular adsorption media also creates the need to 
understand the relationship between the mechanical, physical and chemical properties of 
the coating-substrate system and the coating microstructure, the surface interaction 
between the granular media and the substances to be removed. 
 
3.2.4 Application Studies 
Adsorption experiments for removal of humic acids and separation of BSA by PPy-coated 
and surface-aminated PPy-coated Nylon 6,6 granules at different adsorption conditions 
will be conducted to evaluate the adsorption efficiency. 
 
Chapter 4 Preparation of Aminated Polyprrole-Coated Granules 
41 
Chapter 4 
PREPARATION OF AMINATED  
POLYPRROLE-COATED GRANULES  
 
4.1 Background 
In recent years, polypyrrole (PPy) has been widely studied because of its stability to 
oxygen and water and its straightforward synthesis. PPy is usually made from converting 
pyrrole into a polymer with a “ backbone”  of anions incorporated along the chain. The 
three methods of making PPy include electrochemical polymerization, chemical oxidation 
polymerization, and chemical vapor deposition. PPy belongs to a class of intrinsically 
conducting polymers and displays several interesting properties: redox activity, high 
surface free energy and polarity, brönsted acid-base chemistry, ion-exchange capacity, 
strong adsorptive capabilities of gases and macromolecules, and room temperature 
conductivity. Industrial applications of PPy have included the preparation of high 
performance materials in actuators, chemical and biosensors, modified electrodes and 
electronic devices, etc. More recently, Bai and Zhang [Bai and Zhang, 2001] have 
extended the application of PPy to water and wastewater treatment. This has resulted in 
the development of PPy-coated granules with positive surface charges as adsorbents [Bai 
and Zhang, 2001].  Their studies showed that the positive surface charges of the 
adsorbents are attributed to the protonation of the nitrogen atoms in PPy and the positively 
changed adsobents greatly enhanced the removal of many negatively changed substances 
in water and wastewater through favorable electrostatic interactions. 
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Past practice in preparing granular media with positive surface charges was often done by 
coating sand with metallic compounds [Zhang and Bai, 2002]. The rationale in choosing 
nylon 6,6 granules as adsorbent substrate in this study lies in the possible formation of 
chemical bonds between the nylon 6,6 surface and the polypyrrole molecules. The 
adsorption of pyrrole at the substrate/liquid interfaces during the polymeriztion process 
therefore indicates the resulting structure of PPy coating. The carbonyl groups on the 
nylon backbones can provide a template for pyrrole monomers via hydrogen bonds, and 
















In this project, granules with positive surface charges were prepared by amination of the 
PPy-coated Nylon-6, 6 granules (refers to APPy-coated granules) to increase the amount 
of the active nitrogen atoms on the surface of the granules. Scanning electron microscopy 
(SEM) and atomic force microscopy (AFM) were used to examine the surface 
morphology of the granules. The Fourier Transform Infrared (FTIR) spectra were used to 
characterize the surface composition of the PPy-coated granules and the aminated PPy-
Figure 4.1  Structure of pyrrole momomers 
bound to nylon 6, 6 granules 
le 
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coated granules. X-ray photoelectron spectroscopy (XPS) was applied to assess the extent 
of protonated or oxidized nitrogen atoms on the surfaces of the granules. Zeta potential 
analysis was conducted to evaluate the surface zeta potentials of the APPy-coated granules.  
 
4.2 Preparation of APPy-coated Granules 
4.2.1 Materials 
Pyrrole (99%) was purchased from Aldrich Chemical Company (USA). FeCl3•6H2O (97%) 
was obtained from Goodrich Chemical Enterprise. Rod-shaped Nylon 6, 6 granules, with a 
diameter of 2.3 mm, length of 2.8mm and a density of 1.12 g/cm3, were supplied by 
Solutia Inc. (Missouri, USA). APTES (3-Aminopropyl) triethoxy-silane (98+%) was 
provided by Lancaster (England). 
 
The nylon 6, 6 granules were thoroughly washed with deionized (DI) water followed by 
methanol, then dried under reduced pressure for later use. DI water was used to prepare all 
the solutions and the ionic strength was controlled by adding HCl or NaOH. All of the 
chemicals used in this study were of analytical grade.  
 
4.2.2 Coating of PPy on Nylon 6, 6 Granules 
24 g FeCl3•6H2O was dissolved in 100ml DI water in a beaker immerged in a mixture of 
ice and DI water (to keep the temperature at zero degree centigrade). Then, a 150 g 
amount of the dried nylon 6, 6 granules was added into the beaker. About 5 minutes later, 
2 ml of pyrrole liquid dissolved in 5ml ethanol was added in droplets into the mixture in 
the beaker with continuous stirring. The polymerization of pyrrole on the nylon 6, 6 
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granules was allowed to continue for about 3 hours and the color of the solution changed 
from light brown yellow to black. Then, the coated granules were removed from the 
mixture, washed by DI water and alcohol, and dried for at least 24 hours prior to the later 
use. The more detailed and other synthesis procedures can be found elsewhere [Angeli, 
1916; Angeli and Alessandri, 1916; Hsing et al. 1983; Armes, 1987; Kanatzidis et al., 
1987; Zagorska and Pron, 1987; Chao and March, 1988; Rapi et al., 1988; Machida et al., 
1989; Bubitsky et al., 1991; Kang et al., 1991].  
 
4.2.3 Surface Amination of the PPy-coated Nylon 6, 6 
              
10g PPy-coated nylon 6, 6 granules were added to 20 ml 1 wt% APTES at pH 4 (adjusted 
by the addition of acetic acid). After stirring for about 2 hours, the granules were separated 
by filtration and were soaked in 0.01M aqueous NaCl solution (pH was adjusted to 4 with 
0.1 M HCl), for another 3 hours, and then air-dried for at least 24 hours prior to use.   
 
4.2.4 Morphology Observation 
Scanning electron microscope (SEM) was used to study the surface morphologies of 
Nylon 6,6 granules, the PPy-coated granules, and the surface-aminated PPy-coated 
granules (APPy) at 10,000 magnifications at 15 kV. The granules were mounted on a 
metal sample substrate by double-sided adhesive tapes, coated with platinum, degassed 
and then scanned by the microscope to obtain the images. The surface topographies of 
Nylon 6,6 granules, PPy-coated and APPy-coated Nylon 6,6 granules were examined by a 
Nanoscope III atomic force microscopy (AFM) device (the Digital Instrument Inc.). 
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4.2.5 Zeta Potential Measurements 
The zeta potentials of nylon granules, PPy-coated nylon granules and the surface-aminated 
PPy-coated nylon 6,6 granules were measured with a Zeta Plus4 Instrument (Brookhaven 
Instrument Corp.). According to the method described by Bai and Tien [1999], the zeta 
potentials of the fragment from the granules’  surface obtained from vibrating the granules 
in DI water in an ultrasonic bath for 1-5 minutes before measurements were taken to 
estimate the zeta potential of the granules. An average value from several measurements 
was used as a representative value. Zeta potentials were measured at different pH and 
ionic strengths, respectively.  
 
4.2.6 Fourier Transform Infrared Spectra (FTIR) Study 
Fourier Transform Infrared (FTIR) spectra have been used as a useful tool to identify the 
presence of certain functional groups on a solid surface in material modifications, because 
each specific chemical bond often shows a unique energy adsorption band [Chen et al., 
2002; Jin and Bai, 2002; Deng et al., 2003]. The powder particles were scraped off from 
the surface of PPy-coated and surface-aminated PPy-coated granules, blended with KBr 
respectively and then pressed into a disc for FTIR analysis. The spectra were recorded on 
a Bio-Rad FTIR Model FTS135 spectrophotometer under ambient conditions. 
 
4.2.7 X-ray Photoelectron Spectroscopic (XPS) Measurements 
The X-ray photoelectron spectroscopic (XPS) study was made on a VG ESCALAB MKII 
VSHFWURPHWHUZLWKDQ$O. ;-ray source (1486.6 eV photons). All binding energies were 
referenced to the C 1s neutral carbon peak at 284.6 eV and surface elemental 
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stoichiometries were determined from sensitivity-factor corrected peak area ratios, with 
the software XPSpeak 4.1 being used to fit the XPS spectra peaks through a pure Gaussian 
line shape. The line-width (full width at half maximum; FWHM) was maintained constant 
(1.33) for all the components in a particular spectrum. The intensities were calculated 
from the peak areas given by the fitting program. 
 
4.3 Results and discussion 
4.3.1 Surface Properties of the Granular Media        
The morphologies of Nylon 6, 6, PPy-coated Nylon 6, 6 and the surface-aminated PPy 
(APPy)-coated Nylon 6, 6 granules were examined with atomic force microscope (AFM) 
and a scanning electron microscope (SEM). The images are shown in Figure 4.2 and 
Figure 4.3 respectively.  
 
The AFM images in Figure 4.2 show quite different surface morphologies of nylon 6,6 
granules, PPy-coated and APPy-coated granules. It can be found that nylon 6, 6 has a 
more smooth surface morphology than PPy-coated and APPy-coated nylon 6, 6 granules, 
and APPy-coated granules appear to be rougher surface than PPy-coated ones. The 
rougher the surface is, the better the adsorption effect will usually be, because of the 
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Figure 4.2 (b) 
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Scanning electron microscope (SEM) images are shown in Figure 4.3. The surface 
morphologies of Nylon 6,6 granules, PPy-coated nylon 6,6 granules and surface-aminated 
PPy-coated nylon 6,6 granules are shown in Figure 4.3 (a), 4.3 (b), and 4.3 (c) 
respectively. PPy-coated granules and Surface-aminated PPy-coated granules appear to be 
very rough because of being attached with a large number of PPy Particles and aminated 
PPy particles. These particles formed a lot porous-like structures, which may be expected 
to enhance the adsorption performance due to the rough surface and increased surface area.  
 
Figure 4.2 Three-dimensional AFM images:  
(a) Nylon 6, 6  
(b) PPy-coated Nylon 6, 6 granules. 
(c) APPy-coated Nylon 6, 6 granules. 
 
Chapter 4 Preparation of Aminated Polyprrole-Coated Granules 
49 
 






Figure 4.3 (b) 
 
 















4.3.2 Zeta Potential 
The zeta potentials of nylon 6,6, PPy-coated and APPy-coated nylon 6,6 at different 
solution pH values are shown in Figure 4.4 (a). The APPy-coated Nylon 6,6 granules 
obviously had higher zeta potentials than those of PPy-coated ones. Both of them have 
positive zeta potentials at pH values below 10 and keep a relatively constant value over a 
large range of pH values. The zero zeta potential points were at pH 10.2 and pH 9.9 
respectively for aminated PPy-coated granules and PPy-coated granules. The zeta 
potentials of the nylon 6,6 granules were only positive at pH values lower than 3.3 and 
were negative at all other pH values at pH > 3.3.  
Figure 4.3 SEM images showing the surface morphology 
of Nylon 6, 6, PPy-coated Nylon 6, 6 granules 
and the surface-aminated PPy-coated Nylon 6, 
6 granules (APPy): 
(a) Nylon 6, 6; 
(b) PPy granules,  
(c) APPy granules; 
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Figure 4.4 (b) shows the zeta potentials of nylon 6,6, PPy-coated and APPy-coated nylon 
6,6 at different ionic strengths. As shown in the figure, the positive zeta potentials of both 
PPy-coated and APPy-coated nylon 6,6 granules become lower and the differences 
between them gradually vanish when the ionic strength increase. The zeta potentials of the 
uncoated nylon 6,6 become less negative at a greater ionic strength. These results may be 
attributed to the double layer compression caused at increased ionic strengths, which 
result in screening of charges [Zhang and Bai, 2002b].  
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4.3.3 FTIR Analysis  
FTIR spectra are very useful to identify the presence of certain functional groups in a 
molecule because each specific chemical bond often has a unique energy absorption bond. 
FTIR spectra were obtained for the PPy powder and the APPy powder as shown in Figure 
4.5.  
Figure 4.4 Zeta potentials of nylon 6, 6, PPy-coated nylon 6,6 and 
APPy-coated nylon 6,6 granules as: 
(a) a function of pH values; 
(b) a function of ionic strength (changed by NaCl, M). 
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There were three peaks at the wave numbers at about 1590, 1490 and 1400 cm-1 for PPy 
and APPy powder, which stand for the C=C stretching. The peaks at 3101 and 3105cm-1 
stands for the C-H stretching on the ring of PPy and APPy respectively and the peak at 
2823 cm-1 was assigned to a (C-H) stretching band of a (N-C-H) unit slightly shifted from 
the normal (C-H) position. It was a C-N stretching peak for secondary nitrogen at 1180cm-
1
 on PPy and the peaks at 1041 and 1427 cm-1 were assigned to the C-N stretching for 
primary amine and the N-CH2 stretching for tertiary amine on APPy respectively. The 
major change in the transmittances can be observed at the wave number 3448 cm-1(N-H 
stretching in secondary amine) for the PPy powder, which was replaced by two split peak 
at 3394 and 3460 cm-1 for N-H stretching in primary amine and the other two split peaks 
at 790 and 837 cm-1 (N-H deformation). Moreover, an additional peak appeared at around 
Figure 4.5 FTIR of PPy powder before and after surface amination 
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1624 cm-1, which was assigned to the NH2 in-plane deformation for the surface-aminated 
PPy powder. All these changes indicate that the surface amination process added some 
primary amine groups on the surface and changed some secondary aromatic amine groups 
in PPy into tertiary amine groups. The conversion of PPy-coated Nylon 6, 6 to APPy-
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Scheme 4.1 Ideal Conversion of PPy-coated Nylon 6, 6 to APPy-
coated Nylon 6, 6 
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4.3.4 XPS Analysis  
In this study, our interest was focused on the oxidation state of nitrogen. So, Figure 4.6 
shows the N 1s spectra for PPy-coated and APPy-coated Nylon 6, 6 granules. In Figure 
4.6 (a), the binding energy (BE) of the main pyrrolylium nitrogen component (--NH--) 
was about 398.81 eV, and the lower one at 397.39 eV represented the imine-like nitrogens 
(=N--). The BE tails in the N 1s spectrum at 400.25 and 401.38 eV were attributed to the 
positively charged nitrogen atoms (=NH+--). It is the protonated nitrogens that contribute 
to the positive zeta potentials of the PPy-coated Nylon 6,6 granules and the proportion of 
positively charged nitrogen atoms ([N+]/[N] ratio) of it is at about 24.8 % in this study, the 
range of which has been reported normally between 25 to 30% for polypyrrole synthesized 
by oxidative [Kang et al., 1993].  
For the APPy-coated Nylon 6, 6 granules shown in Figure 4.6 (b), the N 1s spectrum can 
be fitted with four peaks at 397.39, 398.78, 399.77 and 401.26 eV. These peaks are due to 
the imine-like nitrogens (=N--) and the tertiary-like amine nitrogens N , the neutral 
amine-like nitrogens (--NH--), the positively charged nitrogens (--NH3+) and (=NH+--) 
respectively. By the contribution of both (--NH3+) and (=NH+--), the proportion of 
positively charged nitrogen atoms ([N+]/[N] ratio) of APPy-coated Nylon 6,6 granules is 
up to about 32.8 %, as compared with that of PPy-coated Nylon 6,6 granules at 24.8%. 
APPy may be protonated in an acidic condition and deprotonated in a basic condition 
through a process as shown in Scheme 4.2, just like the insertion or aggregation of OH— 
or H+ on the surface of PPy in strong basic or strong acidic conditions [Michalska and 
Maksymiuk, 1999].  
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Figure 4.6 (a) 
 
 




Figure 4.6 N 1s XPS for 
(a) PPy-coated Nylon 6, 6 granules; 
(b) APPy-coated Nylon 6, 6 granules; 





























































Scheme 4.2 Proposed APPy Protonation and 
Deprotonation Mechanisms 
Chapter 4 Preparation of Aminated Polyprrole-Coated Granules 
58 
Meanwhile, after the surface amination, the ratio of C 1s to N 1s changes from 4.12 to 
about 3.62, which is between 7:2 and 4:1, and this indicates that the surface amination is 
partly conducted. The details are shown in Table 4.1. 
 
 
                   Atomic Concentration % 
                    PPy                       APPy 
 C 1s         74.4407                 71.8045 
 N 1s         18.0681                 19.8355 





Table 4.1  C, N, O atomic concentration (%) 
of PPy and APPy 





REMOVAL of humic acids by  
AMINATED POLYPYRROLE-COATED GRANULES 
 
5.1 Background 
Humic substances are ubiquitous in the natural environment, including soils, sediments, 
and various surface and ground waters. The presence of humic substances in water 
resources is of major concern in water supply, due to humic substances facilitating the 
transport of many organic and inorganic pollutants through the water treatment facilities, 
and also by reacting with chlorine during water treatment to produce trihalomethanes, 
which are known human carcinogens. It is desirable that the concentration of humic acids 
substances is minimized before the disinfection process [Zhang and Bai, 2002].  
 
In the filtration and adsorption processes in water and wastewater treatment, the surface 
interaction between the media grains and the particles or substances to be removed plays 
an important role in the removing efficiency. The conventional granular media used in the 
filtration or adsorption process usually carry the same kind of surface charge (negative) as 
the pollutants to be removed, which leads to the unfavorable surface interaction.  
 
Since the poor performance of a conventional filter in removing humic substances may be 
attributed to the unfavorable surface interactions (electrostatically repulsive) between the 
media grains and the humic substances to be removed, a simple remedy to the problem is 
to employ granules possessing positive surface charges as humic substances in water 
usually carry negative charges. Zhang and Bai [2001, 2002] have coated PPy on glass 
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beads or nylon 6,6 granules to develop granular media with positive surface charges and 
found that PPy-coated granules greatly improve the removal of humic acids, in 
comparison with the conventional granular media, such as sand, in water treatment.  
 
In this study, granules with positive surface charges were prepared by surface amination 
of the PPy-coated Nylon-6, 6 granules in order to increase or enhance the amount of active 
nitrogen atoms on the surface of the granules for better performance of humic substances 
removal. The comparison of the adsorption properties of the PPy-coated granules and 
surface-aminated PPy-coated granules was carried out through a series adsorption 
experiments.  
 
5.2  Experiments 
5.2.1 Materials 
Humic acids (powder) were purchased from Aldrich Chemical Company (USA). Use a 
known volume of DI water to dissolve a certain amount of humic acids for the preparation 
of humic acids solution at various required concentrations.  PPy-coated and APPy-coated 
nylon 6, 6 granules were used as the adsorbents. 
 
5.2.2 Morphology Observation 
 
The surface morphology APPy-coated granules after humic acids adsorption were studied 
through field emission scanning electron microscopy (FESEM, JEOL JSM-6700F) with 
5,000 and 10,000 magnifications at 15kV. The granules were mounted on a metal sample 
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substrate by double-sided adhesive tapes, coated with platinum, degassed and then 
scanned by the microscope to obtain the images.  
5.2.3 Zeta Potential Measurements 
The zeta potentials of humic acids were also analyzed in a similar method described in 
Chapter 4, Section 4.2.5.  
 
5.2.4 X-ray Photoelectron Spectroscopic (XPS) Measurements 
The XPS of humic acids were also analyzed in a similar method described in Chapter 4, 
Section 4.2.7.  
 
5.2.5 Adsorption Experiments 
Batch adsorption experiments were conducted by adding 10 g amount of the APPy-coated 
granules to 100 ml of a humic acids solution in a 250 ml glass flask, which was slowly 
shaken for 20 hours at room temperature. Solution samples were taken and analyzed 
periodically to determine the solution concentration histories. Similar experiments were 
also conducted for PPy-coated granules.  
 
The concentrations of humic acids in the solution at different times were analyzed with an 
ultraviolet-visible spectrophotometer (Hitachi UV-2000) at 254 nm. The adsorbed amount 
of humic acids per unit weight of the granules at time t, q (t) (mg/g), was calculated from 
the mass balance equation, eq. (5.1): 




 0        (5.1) 
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where C0 and Ct (mg/L) are the initial humic acids concentration and the humic acids 
concentrations at time t, respectively; V is the volume of the humic acids solution, and m 
is the mass of the granules.  
To study the adsorption kinetics of humic acids onto APPy-coated Nylon granules and the 
effects of pH and ionic strength (IS) on the adsorption, batch adsorption experiments were 
carried out at different initial humic acids concentrations (5, 20 and 50 mg/L), different 
initial pH (3, 7 and 10) and different ionic strengths (0.01, 0.05 and 0.1M) at room 
temperature. HCl and NaOH were used to adjust the solution pH values and NaCl was 
added to change the ionic strengths. 
 
5.3  Results and discussion 
5.3.1 Morphology Observation 
The images in Figure 5.1 and Figure 5.2 show the morphologies of the PPy-coated and 
APPy-coated Nylon 6, 6 granules after humic acids adsorption respectively. In 
comparison with those in Figure 5.1, the pictures in Figure 5.2 show more smooth 
surfaces after adsorption, which is because that the surface was covered with humic acids 
layer or their agglomerates. In Figure 5.1, some clear spongy and rough surface locations 
are observed even after the adsorption of humic acids, which means that PPy-coated 
granules were not fully covered by humic acids layer or their agglomerates. In contrast 
with this, APPy-coated granules show smooth surface in Figure 5.2 because that the 
surface was covered by more humic acids and/or their agglomerates after the adsorption. 
These phenomena mean that the adsorption effect of APPy-coated granules is much better 
than that of PPy-coated granules. 




Figure 5.1 (a) 
 
 
Figure 5.1 (b) 
 
Figure 5.1 SEM images showing the surface morphology 
of the PPy-coated Nylon 6, 6 granules after 
humic acid adsorption: 
(a) After adsorption of humic acid,  
(b) Enlarged 
















Figure 5.2 SEM images showing the surface morphology 
of the surface-aminated PPy-coated Nylon 6, 6 
granules (APPy) after humic acid adsorption: 
(a) After adsorption of humic acid,  
(b) Enlarged 




5.3.2 Zeta Potential Measurements 
The zeta potentials of humic acids, PPy-coated and APPy-coated Nylon 6,6 granules at 
different solution pH values are shown in Figure 5.3(a). It was observed that the zeta 
potential values of humic acids were negative at all pH and this may be due to the 
carboxylic and phenolic groups in humic acids dissociated and carried negative charges by 
deprotonation. Such property of humic acids causes the difficulty in their removal in water 
and wastewater treatment plants which usually use sand granules that carry negative 
charges in weak acid, neutral and alkaline solution conditions. Hence humic acid 
molecules are hard to be adsorbed on the negatively charged sand surface because of the 
electrostatic repulsive forces between them. Therefore surface modified granules may 
solve such a problem. 
 
Figure 5.3(b) shows the zeta potentials of humic acids, PPy-coated and APPy-coated 
Nylon 6,6 granules at different ionic strengths. The zeta potentials of humic acids become 
less negative at a greater ionic strength. These results may be attributed to the double layer 
compression caused at increased ionic strengths, which result in screening of charges 
[Zhang and Bai, 2002b]. 
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APPy-coated Nylon 6,6 Humic Acids
PPy-coated Nylon 6,6
 
Figure 5.3 (a) 
























Humic Acids APPy-coated Nylon 6,6
PPy-coated Nylon 6,6
 
Figure 5.3 (b) 
 Figure 5.3 Zeta potentials of humic acids as: 
(a) A function of pH; 
(b) A function of ionic concentration (changed by 
NaCl, M) 
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Therefore, as a result of the more attractive electrostatic interactions between the APPy-
coated nylon 6,6 granules and humic acids, the adsorption of humic acids by APPy-coated 
granules could be expected to be enhanced in a wide range of pH values (about 2 – 10). 
However, when ionic strength is increased, the opposing zeta potentials of the granules 
and humic acids are reduced and this will affect inversely on the adsorption. 
 
5.3.3 X-ray Photoelectron Spectroscopic (XPS) Measurements 
After humic acids adsorption, the XPS spectrum in Figure 5.4 shows that the N 1s 
spectrum can be fitted with four peaks at 397.39, 398.78, 399.91 and 401.26 eV. These 
peaks are due to the imine-like nitrogens (=N--) and the tertiary-like amine 
nitrogens
N
, the neutral amine-like nitrogens (--NH--), the positively charged 
nitrogens (--NH3+) and (=NH+--) respectively. The proportion of the positively charged 
nitrogen atoms (in [N+]/[N] ratio) of the APPy-coated Nylon 6,6 granules was sharply 
reduced from 32.8% to about 23.1%, which indicated that a large number of specific sites 
with [N+] on the surface of the APPy-coated Nylon 6,6 granules were occupied by the 
negatively charged humic acid molecules, which neutralized some of the positive charges 
of the APPy-coated granules. The ideal surface charge neutralization reaction between 
APPy and humic acids may be proposed as in Scheme 5.1. 
 






Figure 5.4 N 1s XPS for APPy-coated Nylon 6,6 granules 
adsorbed with humic acids. 






















































































Scheme 5.1: Proposed Reaction Scheme of Humic Acids Adsorption on APPy 
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5.3.4 Batch Adsorption Performance  
The pH and ionic concentrations of the solutions are two important parameters in 
determining adsorption performance because they may influence the nature of the surface 
interactions between the media grains and the substance to be removed. 
 
The batch adsorption experiments of humic acids by PPy-coated and APPy-coated Nylon 
6, 6 at different pH were conducted and the adsorption results are shown in Figure 5.5. It 
is observed that the amount of adsorption of humic acids on APPy-coated nylon 6, 6 
increased more rapidly at pH 3 and pH 7 in the first several hours and adsorbed much 
more humic acids when equilibrium was achieved, in comparison with that at pH 10. This 
may be, at least partly, attributed to the different attractive electrostatic interactions 
between APPy-coated nylon 6, 6 and the humic acid molecules to be adsorbed and the 
larger molecular size of humic acids at high solution pH [Zhang and Bai 2002]. At low 
solution pH, smaller molecular sizes enable more molecules to be adsorbed on the 
granules’  surface [Zhang and Bai 2002]. Compared with the PPy-coated nylon 6, 6 
granules, APPy-coated Nylon 6, 6 always had a higher adsorption performance at pH 3, 7 
and 10. But the difference of adsorption performance at pH 3 was much greater than that 
at pH 7, while slight difference at pH 10. This may be caused by the amine group 
introduced on the surface of APPy-coated Nylon 6,6 granules with more amine groups, 
playing an important role for adsorption of humic acids at lower pH values. As compared 
with the PPy-coated and APPy-coated Nylon 6,6 granules, the adsorption of humic acids 
by Nylon 6,6 granules is very little and even no adsorption because that both Nylon 6,6 
granules and humic acids are all negatively charged for a wide range of pH values (3-10), 
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thus the electrostatic repulsion occurs between the humic acid molecules and the Nylon 
6,6 granules. 
 
HA Adsorption by PPy and APPy 




























APPy at pH 3
APPy at pH 7
APPy at pH 10
PPy at pH 3
PPy at pH 7







Figure 5.6 shows the amount of humic acids adsorption by PPy-coated and APPy-coated 
nylon 6,6 at different ionic strengths. It can be observed that the remolval of humic acids 
Figure 5.5 Humic acids adsorption by APPy-coated Nylon 6,6 
granules and PPy-coated Nylon 6,6 granules at 
different pH values (pH 3, pH 7 and pH 10). 
(C0=10 mg/L, V=100 mL, Ionic Concentration=0 M, 
Granules Weight =10 g) 
 
Note: The adsorption amount is according to the weight of PPy 
and APPy powder. 
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by both PPy-coated and APPy-coated granules increases with an increase in ionic 
concentration, but the effects are not very significant. The increase of ionic strength 
reduces the electrostatic repulsion between the negatively charged humic acid molecules, 
hence resulting in increased adsorption. It appears that APPy-coated Nylon 6, 6 achieves a 
better adsorption performance than PPy-coated Nylon 6, 6 does at each ionic strength 
tested (0.01, 0.05 and 0.1M). It is noticed that with lower ionic concentrations, the 
differences in the adsorption performance by PPy-coated and APPy-coated nylon 6, 6 
granules is more obvious. It may be due to that the increased ionic strength shields some 
of the charges and the attractive forces between the humic acid molecules and the granules 
surface are decreased, leading to a decrease in adsorption and a lower difference of 
adsorption performance between PPy-coated and APPy-coated granules. 








































Figure 5.6 Humic acids adsorption by APPy-coated Nylon 6,6 
granules and PPy-coated Nylon 6,6 granules at 
different ionic strengths (0.01, 0.05, 0.1M) 
(C0=10 mg/L, V=100mL, Granules Weight = 10g, 
pH=7) 
 
Note: The adsorption amount is according to the weight of PPy 
and APPy powder. 
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5.3.5 Effect of pH and Ionic Strength on Adsorption Equilibrium 
The equilibrium amounts of humic acids adsorbed by APPy-coated nylon 6, 6 at pH from 
3 to 12 are shown in Figure 5.7. It is found that the capacity of humic acids adsorption 
increased significantly with decreasing pH and nearly no adsorption took place at pH 12. 
Because the zeta potentials of both humic acids and APPy-coated nylon granules are 
negative at pH 12, the electrostatic repulsion between them may prevent humic acid 
molecules from being attached to the surface of APPy-coated nylon granules. However, at 
lower pH, the zeta potentials of humic acid molecules to be adsorbed and APPy-coated 
nylon granules have opposite charges and the electrostatic attraction between them 
resulted in significant adsorption. In addition, the sizes of humic acid molecules can 
reduce with decreasing pH, and therefore smaller sizes will allow more humic acid 
molecules to be adsorbed on the surface of the granules, which may also be another reason 
for the higher adsorption at lower pH [Vermeer et al., 1998].  
 
When adsorption reached equilibrium, the amounts of humic acids adsorbed by APPy 
powder at pH 3 was about 8.52 mg/g (initial humic acids concentration was 10 mg/L, the 
media weight is according to the APPy powder on 10 g APPy-coated nylon 6,6 granules, 
100 mL solution), as compared to 7.28 mg/g for pH 7 and 1.76 mg/g for pH 12, while the 
amounts of humic acids adsorbed by PPy powder at adsorption equilibrium was 7.78, 6.77 
and 1.42 mg/g at pH 3, 7, and 12 respectively (the same initial conditions as APPy). In 
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The amounts of humic acids adsorbed by APPy-coated nylon 6, 6 granules at adsorption 
equilibrium at different ionic concentrations are shown in Figure 5.8. It is observed that 
there is no significant difference in the adsorption amounts at different ionic 
concentrations and the adsorption performances were slightly enhanced with increasing 
ionic concentrations. This may be explained as: On the one hand, the electrostatic 
repulsion between the negatively charged humic acid molecules will be reduced with 
increasing ionic concentrations and this may reduce the resistance of adsorption between 
the humic acid molecules adsorbed on the surface of granules and the humic acid 
molecules to be adsorbed, resulting in enhanced adsorption performance with increasing 
Figure 5.7 Amount of humic acids adsorbed by APPy-coated 
Nylon 6, 6 granules and PPy-coated Nylon 6,6 
granules at different pH when equilibrium was 
achieved. 
(C0=10 mg/L, V=100 mL, Granules Weight=10 g, 
Ionic Concentration=0 M) 
 
Note: The adsorption amount is according to the weight of PPy 
and APPy powder. 
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ionic strength. On the other hand, when ionic concentration is increased, the electrostatic 
attraction between negatively charged humic acid molecules and positively charged 
APPy-coated nylon 6,6 granules will be reduced because of the charge screen effect, 
which may reduce the adsorption performance. However, the former influence appeared to 
be more significant in the experiments. Lower ionic concentrations have more significant 
effect on the surface electric property of APPy than on that of PPy, which caused greater 
difference between PPy and APPy in the adsorption efficiency when ionic concentration is 
less than 0.1 M. Besides the sizes of humic acid molecules decrease in a higher ionic 
concentration solution, which can also enhance the adsorption performance. The results in 
Figure 5.8 thus indicate that the overall performance of adsorption was slightly enhanced 
with the increase of ionic strength for both APPy-coated and PPy-coated granules. Again, 
the resules also show that APPy-coated granules had marginally better adsorption 
performance than PPy-coated granules in this case. 






























Figure 5.8 Amounts of humic acid adsorbed by APPy-coated 
Nylon 6,6 granules and PPy-coated Nylon 6,6 
granules at different ionic strengths at adsorption 
equilibrium was achieved. 
(C0=10 mg/L, V=100 mL, Granules Weight=10 g,  
pH = 7) 
Note: The adsorption amount is according to the weight of PPy 
and APPy powder. 
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5.3.6 Adsorption Isotherms 
The batch adsorption performance at different humic acids initial concentrations is shown 
in Figure 5.9, which shows that at low initial concentration of humic acids, the 
performance of PPy and APPy adsorption was almost same. But at high initial 
concentration of humic acids, the performance of APPy adsorption was much better than 
that of PPy adsorption. The adsorption isotherm of humic acids by PPy-coated nylon 6,6 
and APPy-coated nylon 6,6 can be analyzed with the Langmuir and Freundlich equations. 







 1max                                              (5.2) 
Equation (5.2) may be rewritten as:  
 
ee bCqqq maxmax
111                                      (5.3)          
Equation (5.3) indicates that 1/qe versus 1/Ce should generate a straight line. 
The Freundlich equation is usually given as:  
n
ee aCq
/1                                               (5.4) 
and Equation (5.4) may be rewritten as: 
     aC
n
q ee loglog
1log                                  (5.5) 
Equation (5.5) suggests that log (qe) against log (Ce) should give a straight line. 
 
In Equations (5.2)-(5.5), qe is the amount of humic acids adsorbed per unit weight of 
coated nylon 6,6 granules at equilibrium concentration (mg/g), Ce is the equilibrium 
concentration of the humic acids solution (mg/L), qmax is the maximum amount of 
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adsorption at monolayer coverage (mg/g), b is the adsorption equilibrium constant (L/mg), 
a is a constant representing the adsorption capacity (mg/g)(L/mg)n, and n is a constant 
depicting the adsorption intensity. 
 
The plots of the experimental 1/ qe vs 1/Ce and lg qe vs lg Ce are shown in Figure 5.10 and 
Figure 5.11.  From Figure 5.10 (a) and Figure 5.11 (a), it is clear that humic acids 
adsorption on both PPy–coated and APPy-coated granules can be well fitted to the 
Langmuir equation. From the intercept and slope of the straight line, there is 
1/qe=0.417/Ce+0.089 (R2 = 0.9899) with qmax = 11.24 mg/g and b = 0.21 L/mg for PPy 
adsorption and 1/qe=0.3295/Ce+0.084 (R2 = 0.9990) with qmax = 11.90 mg/g and b = 0.25 
for APPy adsorption, respectively. The qmax = 11.90 mg/g for APPy is greater than qmax = 
11.24 mg/g for PPy. From Figure 5.10 (b) and Figure 5.11 (b), it is also clear that the 
adsorption of humic acids on both PPy-coated and APPy-coated granules can also be 
described by the Freundlich Equation. For PPy-coated granules, there is the log(qe) = 
0.3535 log(Ce) + 0.477, (R2 = 0.9307) and the value of n and a are determined to be n = 
2.83 and a = 3.00. For APPy-coated granules, the model fitting gives log(qe) = 0.3188 
log(Ce) + 0.557, (R2 = 0.9035) and the values of n and a are determined to be n = 3.14 and 
a = 3.78.  
 
For APPy adsorption, the correlation coefficients are calculated to be 0.9990 and 0.9035 
for the Langmuir equation and the Freundlich equation respectively. That indicates that 
the Langmuir relationship gives a better fit to the experimental values than the Freundlich.  
And for PPy adsorption, the correlation coefficients are calculated to be 0.9899 and 
0.9307 for the Langmuir equation and the Freundlich equation respectively, which 
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indicates that the Langmuir relationship gives a better fit to the experimental values than 
the Freundlich also. It means that humic acids adsorption on both PPy and APPy-granules 
could be better described by the Langmuir equation than Freundlich equation. 
Humic Acid Adsorption by APPy and PPy 





































Figure 5.9 Humic acids adsorption by PPy-coated nylon 6, 6 and 
APPy-coated nylon 6, 6 at different initial humic acid 
concentrations 
(V=100 mL, Granules Weight=10 g, pH = 7 and ionic 
concentration=0 M) 
 
Note: The adsorption amount is according to the weight of PPy 
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y = 0.4172x + 0.0892
R2 = 0.9899
 
Figure 5.10 (a) 
 
Adsorption Equilibrium Data by PPy 
(Freundlich Fitting)

















Figure 5.10 (b) 
Figure 5.10 Adsorption equilibrium data of humic acid on PPy-
coated nylon 6, 6 granules, fitted with the Langmuir 
and Freundlich equations respectively at pH 7. 
(a) Langmuir model fitted to the experimental results 
by PPy adsorption. 
(b) Log-linearized Freundlich model fitted to the 
experimental results by PPy adsorption. 
Note: The adsorption amount is according to the weight of APPy 
powder. 
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Adsorption Equilibrium Data                   
(Langmuir Fitting)














































Figure 5.11 Adsorption equilibrium data of humic acid on APPy-
coated nylon 6, 6 granules, fitted with the Langmuir 
and Freundlich equations respectively at pH 7. 
(a) Langmuir model fitted to the experimental results 
by APPy adsorption. 
(b) Log-linearized Freundlich model fitted to the 
experimental results by APPy adsorption. 
Note: The adsorption amount is according to the weight of APPy 
powder. 




ADSORPTION SEPARATION OF BSA WITH  
AMINATED POLYPYRRDE-COATED GRANULES 
  
6.1 Background 
Because of the amphiphilic properties, proteins are readily adsorbed from aqueous 
solutions onto most solid surfaces and the interactions between proteins and the solid 
surfaces are of great importance in both natural and technical processes, such as in the 
separation and purification of protein as well as in cell metabolism. In addition to the solid 
adsorbents, the interactions between the dissolved protein and the solid surface in 
adsorption are dependent on the compositions and properties of the protein as well as 
affected by other parameters such as pH values, ionic concentrations, initial concentrations 
of protein, the speed of agitation and the experimental temperatures etc. Such interaction 
behaviors have to be minimized when they are unwanted, such as in biofouling and blood 
coagulation etc. However, the adherence of certain proteins to a solid support is desired in 
other cases, such as the preparation of biosensors, the immobilization of enzymes or the 
purification of proteins [Bergstrom and Holmberg, 1992]. Protein adsorption onto 
polymeric surfaces is actively studied for the development biomaterials, biological assays, 
and biosensors in addition to the fundamental research on its driving mechanisms 
[Chapman et al., 2001]. This process occurs whenever an aqueous solution of protein 
comes into contact with a solid surface. The proteins diffuse to the surface where they will 
adsorb and form strong bonds with specific sites on the surface. However, this seemingly 
simple process can in reality be extremely complicated and, despite numerous 
investigations, is still not completely understood [Nadarajah et al., 1995].  
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Attempts were made to understand the adsorption process by investigating the molecular 
contributions to the adsorption process. The primary driving force of protein adsorption 
seems to be the hydrophobic interactions [Slack and Horbett, 1989]. Electrostatic 
interactions also play an important role, particularly for the more hydrophilic solid 
surfaces [Horsley et al., 1991; Kondo and Higashitani, 1992; Nylander et al., 1994; 
Shibata and Lenhoff, 1994]. In addition, the surface geometry and topography of the 
solids are also likely to play a role. This is especially true for the complex solid surfaces 
such as block copolymers. The protein adsorption is influenced in this case by the 
conformational changes due to the topography and the hydrophobicity of the surfaces [Lu 
and Park, 1991; Israelachvili and Pashley, 1984]. There are other contributions to protein 
adsorption too, such as those due to the van der Waals forces, but they are known to be 
much smaller in magnitude [Jeon et al., 1992]. Investigations on the role of molecular 
forces governing protein adsorption were mainly conducted in the case of classical 
materials such as metals, minerals, and polymers [Horbett, 1995]. 
 
Over the past two decades, electroactive conducting polymers have been studied for 
numerous fundamental and applied researches. Polypyrrole (PPy), which is an inherently 
conducting polymer, has attracted much attention, mainly because of its relatively high 
environmental stability, electrical properties [Street, 1986], ion exchange capacity [Hailin 
and Wallace, 1989], and its biocompatibility. Polypyrrole has unique properties such as 
redox chemistry and conductivity that make it suitable for the design of novel biosensors 
[Barnett et al., 1994; Tarcha et al., 1992]. In addition, this conducting polymer has an 
intrinsic deep black color being very useful for visual diagnostics tests [Armes and Tarcha, 
1996]. As far as the latter application is concerned, studies [Armes and Tarcha, 1996] have 
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shown that protein adsorption rather than covalent grafting can be sufficient for the 
development of a new assay using polypyrrole-based material as a carrier for the antibody. 
Because protein is a large and highly structured biomacromolecule consisting of 
nucleotides as the fundamental units, and its backbone is composed alternatively of a 
deoxyribose and a phosphate group, some studies have indicated that polypyrrole powder 
was found to be a fairly strong bioadsorbent of DNA fragments [Saoudi et al., 1997]. 
Electrostatic interactions were found to be the driving forces for the DNA-polypyrrole 
interactions since DNA is negatively charged and polypyrrole positively charged. So the 
surface-aminated PPy (APPy) (by the novel method of surface amination [Goller et al., 
1998]), which has more amine groups and is more positively charged than PPy will be 
tested as the novel adsorbent for the protein adsorption. 
 
The work presented here studies the Bovine Serum Albumin (BSA) adsorption on PPy-
coated and APPy-coated Nylon 6,6 granules, under various conditions such as different 
pH of the buffer solution, ionic strengths, initial concentrations of BAS, speeds of 





Bovine Serum Albumin (BSA, Lot 052K1279, water content 1.7%, molecular weight 
66,300, isoelectric point (IEP) 4.9-5.1) was obtained from Sigma-Aldrich Co. and used 
without further treatment. The buffer solutions, pH between 2 and 8, were prepared by 
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6.2.2 Morphology Observation 
 
The surface morphology APPy-coated granules before and after BSA adsorption were 
studied through field emission scanning electron microscopy (FESEM, JEOL JSM-6700F) 
with 10,000 and 15,000 magnifications at 15kV. The granules were mounted on a metal 
sample substrate by double-sided adhesive tapes, coated with platinum, degassed and then 
scanned by the microscope to obtain the images.  
 
6.2.3 Zeta Potential Measurements 
The zeta potentials of BSA, were also analyzed in a similar method described in Chapter 4, 
Section 4.2.5.  
 
6.2.4 Adsorption Experiments 
A known volume of phosphate buffer solution was used to dissolve a certain amount of 
BSA for the preparing of the BSA solution. Batch adsorption experiments were conducted 
by adding 10 g amount of PPy-coated Nylon 6,6 or APPy-coated Nylon 6,6 to 100 ml of 
above BSA solution in a 250 ml glass flask, which was shaken for 20 hours. Solution 
samples were taken as necessary to determine the BSA concentration in the solution. The 
concentration of BSA remaining in the solution at different time was determined by an 
ultraviolet-visible spectrophotometer (Agilent Technologies, G1103A) at 280 nm.  
 
Chapter 6 Adsorption Separation of BSA With Aminated Polyrrole-Coated Granules 
 
85 
To study the adsorption of BSA onto PPy-coated Nylon 6,6 and APPy-coated Nylon 6,6, 
batch adsorption experiments were carried out at different initial pH (3, 4.9, 7 and 9), 
different initial BSA concentrations (500, 2000, 4000 and 8000mg/L), different ionic 
concentrations (0.01, 0.05, 0.1 and 0.2M), different speeds of agitation (50, 100, 180 and 
200 rpm) and different temperatures (5, 25, 35 and 45 ºC).  
 
6.3 Results and Discussion 
6.3.1 Surface Properties of the Granular Media 
The morphologies of the surface-aminated PPy-coated Nylon 6, 6 granules (APPy) before 
BSA adsorption, PPy and APPy coated granules after BSA adsorption were examined 
under field emission scanning electron microscope (FESEM). The images are shown in 
Figure 6.1, 6.2 and 6.3 respectively.  
 
Figure 6.1 (a) 









The FESEM images in Figure 6.1 show the spongy and rough surface morphologies of 
APPy-coated granules and the surface morphologies of APPy-coated granules after BSA 
adsorption is shown in Figure 6.3, which is observed that the surface of the granules are 
fully covered by a layer of BSA or its agglomerates. In Figure 6.2, the PPy-coated 
granules still have some clear spongy and rough surface area not covered even after the 
BSA adsorption, which means that PPy-coated granules were not fully covered by BSA 
layer or its agglomerates. This phenomena means that the BSA adsorption efficiency by 
APPy-coated granules is better than that of PPy-coated granules. 
 
Figure 6.1 FESEM images showing the surface morphology of 
APPy-coated Nylon 6, 6; 
(a) x 10,000 times; (b) x 15,000 times 








Figure 6.2  FESEM images showing PPy-coated Nylon 6,6 
after BSA adsorption:  
(a) x 10,000 times; (b) x 15,000 times 




Figure 6.3 (a) 
 




Figure 6.3  FESEM images showing APPy-coated Nylon 
6,6 after BSA adsorption:  
(a) x 10,000 times; (b) x 15,000 times 
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6.3.2 Zeta Potential Measurement 
The zeta potentials of PPy-coated nylon 6,6, APPy-coated nylon 6,6, and BSA are shown 
in Figure 6.4. The APPy-coated Nylon 6,6 granules have obviously higher zeta potentials 
than PPy-coated ones. Both of them have positive zeta potentials at pH values below 10. 
As shown in the figure, the zeta potential values of BSA show an [Vilker et al., 1981] 
isoelectric point at about 4.9, resulting form the function groups on the BSA protein 
molecules. From the electrostatic interaction point of view, adsorption of BSA on the 
granules can be expected to be repulsive at pH < 4.8, attractive at pH range of 4.9 – 10, 
and repulsive again at pH > 10. Therefore, solution pH would have important effect on 
BSA adsorption of the surfaces of both PPy-coated and APPy-coated granules. 
 


























Figure 6.4 Zeta potentials of BSA, PPy-coated nylon 6,6 and 
APPy-coated nylon 6,6   granules at different pH. 
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6.3.3 Effect of pH Values on BSA Adsorption 
The solution pH is an important factor in determining the adsorption performance because 
pH may influence the nature of the surface interactions between the media grains 
(adsorbent) and the particles to be removed (BSA). Important points are the changes in the 
net charge of the protein and the surface, as well as the degree of aggregation of the 
protein. Many researches have been conducted [Dillman and Miller, 1973; Bowen and 
Gan, 1991; Sevastianoy et al., 1991; Staunton and Quiquampoix, 1994; Su et al., 1999; 
Urano and Fukuzaki, 2000] and the general conclusion is that the maximum adsorption 
amount occurs at near the isoelectric point. 
 
The batch adsorption experiments of BSA by PPy-coated and APPy-coated Nylon 6, 6 at 
different pH (3, 4.9, 7 and 9) were conducted and the adsorption results are shown in 
Figure 6.5. The ionic strength of the buffer solution in these experiments was kept at 0.01 
mol/L and the initial concentration of BSA in the solution was 4.0 mg/ml, with the 
experiment temperature at 25 ºC and the speed of agitation at 180 rpm. When the 
adsorption reached equilibrium, the BSA adsorbed by APPy at pH 4.9 was about 9.31 
mg/g, as compared with 2.46 mg/g at pH 3, 8.28 mg/g at pH 7 and 8.02 mg/g at pH9. 
Similarly, the amounts of BSA adsorbed by PPy at equilibrium were 2.39 mg/g, 8.53 mg/g, 
7.29 mg/g and 6.31 mg/g at pH 3, 4.9, 7, 9 respectively.  
 
It is clear that for both PPy and APPy, the BSA adsorption reached maximum at pH 4.9, 
which is the isoelectric point of BSA. The trend of change shown in Figure 6.5 is in 
agreement with those reported by MacRitchie [MacRitchie, 1972]. When pH increased to 
higher than 4.9, the BSA adsorption amount was reduced slightly for APPy but more 
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significantly for PPy. Both PPy and APPy also showed significant reduction on BSA 
adsorption when pH value decreased to pH < 4.9.  
 
It is well known that proteins are capable of holding both positive and negative charges, 
which is mainly controlled by the solution pH values, because of the amphoteric 
polyelectrolytes structure of the protein. The net charges on the macroions are reflected by 
the physical properties of aqueous proteins solutions. Near the isoelectric point, the 
molecular size of a disordered protein is at its lowest [Eric et al., 1993], which may be the 
reason that both PPy and APPy had their highest adsorption of BSA at pH 4.9 without any 
electrostatic attraction between the protein and the adsorbent surface. When pH is lower 
than 4.9, both BSA and adsorbent (PPy and APPy) are positively charged, and the 
repulsive interaction between them occurs. Also, the BSA will have a larger molecular 
size at these pH conditions. These two factors together contributed to the sharp decrease of 
BSA adsorption with pH decrease at pH < 4.9. When the pH became higher than 4.9, 
though the negative surface charges of BSA will cause a larger molecular size, which may 
reduce the adsorption amount, PPy and APPy were both highly positively charged, 
favorable for BSA adsorption. The net adsorption was slightly reduced than that at pH = 
4.9. In comparison with the PPy, APPy had a higher adsorption performance than PPy at 
higher pH values. APPy has more amine groups, which resulted in greater positive zeta 
potential and thus had stronger electrostatic interaction with BSA molecules than PPy. 
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6.3.4 Effect of Ionic Strength on BSA Adsorption 
Figure 6.6 shows the amount of BSA adsorbed by PPy-coated and APPy-coated nylon 6, 6 
granules at different ionic concentrations with phosphate buffer. APPy-coated Nylon 6, 6 
had a slightly higher adsorption performance than PPy-coated Nylon 6, 6 at each of the 
ionic concentrations tested (0.01, 0.02, 0.05, 0.1 and 0.2M). It is noticed that the BSA 
adsorption reduced sharply when ionic strength increased up to 0.1M and then remained 
relatively constant for further increase of ionic concentration from 0.1 M to 0.2M. This 
may be explained by the adsorption of more ions to the BSA molecules at higher ionic 
Figure 6.5 BSA adsorption by PPy-coated Nylon 6,6 granules 
and APPy-coated Nylon 6,6 granules at different 
pH (pH 3, 4.9, 7 and 9). 
 
(C0=4000 mg/L, V=100 mL, Ionic Strength = 0.01M, Granules 
Weight = 10g, Agitation Speed=180 rpm, T=25 ºC) 
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strengths, which may cause conformational change in the protein structure and increase 
the solubility, resulting in reduction of adsorption [Horbett, 1995].  




























6.3.5 Effect of Temperature 
For the study of the effect of temperature on the adsorption of BSA onto PPy and APPy, 
the batch adsorption experiments were carried out at 5, 25, 35 and 45 ºC respectively. It 
can be seen from Figure 6.7 that BSA adsorption was not very sensitive to the temperature 
changes at temperatures above 25 ºC, but the adsorption amounts increased noticeably for 
temperature increase from 5 to 25 ºC. This increase may be attributed to the increase of 
the chain mobility of protein molecules [Akkas et al., 1999] and the insignificant effect on 
adsorption during a temperature higher than 25 ºC may be caused by some funicle 
Figure 6.6 BSA adsorption by PPy-coated Nylon 6,6 granules 
and APPy-coated Nylon 6,6 granules at different 
Ionic Concentrations (0.01, 0.05, 0.1 and 0.2M). 
 
(C0=4000 mg/L, V=100 mL, pH=4.9, Granules Weight = 10g, 
Agitation Speed=180 rpm, T=25 ºC) 
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solidification of protain happened during increasing temperature [Lin and Koenig, 1976]. 
Again, APPy-coated granules had better adsorption performance than PPy-coated granules 
at each solution temperature tested. 
 

































6.3.6 Effect of Agitation Speed 
Normally, the adsorption of proteins from aqueous solution onto a solid surface is 
considered to occur in three steps [Dijit et al., 1990]: (1) diffusion of protein molecules 
Fig. 6.7 BSA adsorption by PPy-coated Nylon 6,6 granules and 
APPy-coated Nylon 6,6 granules at different 
Experiment Temperatures (5, 25, 35 and 45 ºC). 
 
(C0=4000 mg/L, V=100 mL, pH=4.9, Ionic Concentration = 
0.01M, Granules Weight   = 10g, Agitation Speed=180 rpm) 
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from the bulk to the interface; (2) attachment of protein molecules to the available surface; 
(3) reconformation of the structure of the protein molecules after adsorption.  
 
In Figure 6.8, the adsorption amounts are observed to increase slightly with increasing 
speed of agitation at low speeds range (lower than 100 rpm), but reduce at high speed 
(higher than 180 rpm). Each data point in the figure represents an average of five 
experimental measurements. 
 
Low speeds may not be strong enough to facilitate the diffusion of BSA from the bulk 
solution to the surface of the adsorbents, but at high speeds, the aggregation of BSA may 
be broken. The speed can therefore affect the various steps of BSA adsorption mentioned 
earlier and thus affect adsorption performance. 
 

































6.3.7 Effect of the Initial Concentration of BSA  
The BSA batch adsorption performance of APPy and PPy at different BSA initial 
concentrations is shown in Figure 6.9. Generally speaking, the adsorption amounts 
increased with increasing initial BSA concentrations. The more reasonable explanations 
may be that an increase in concentration will result in an increase of transport rate from 
the bulk solution to the solid-liquid interface and also lead to the formation of clusters by 
aggregation of protein molecules [Norde and Giacomelli, 2000; Asanov et al., 1997]. At 
high concentrations, the BSA molecules tend to aggregate into clusters and then adsorb 
onto solid surfaces.  






























Figure 6.8 BSA adsorption by PPy-coated Nylon 6,6 granules 
and APPy-coated Nylon 6,6 granules at different 
Agitation Speeds (50, 100, 180 and 200 rpm). 
(C0=4000 mg/L, V=100 mL, pH=4.9, Ionic Concentration = 
0.01M, Granules Weight = 10g, T=25 ºC. Averaged from five 
series experimental raw data) 









6.3.8 Adsorption isotherm of BSA  
From the adsorption isotherm data of BSA in Fig. 6.9 for PPy-coated and APPy-coated 







 1max       (6.1)  
or 
ee bCqqq maxmax
111        (6.2) 
 
The model fitting with the Freundlich equation can be made according to: 
n
ee aCq
/1                                             (6.3) 
and Equation (5.3) may be rewritten as: 
     aC
n
q ee loglog
1log                               (6.4) 
Equation (5.4) suggests that log (qe) against log (Ce) should give a straight line. 
 
 The plots of 1/ qe vs 1/Ce, are shown in Figure 6.10 (a) and (b).  The intercept provides 
access to the estimation of qmax and the slope to b and the results give 
Figure 6.9 BSA adsorption by PPy-coated Nylon 6,6 granules 
and APPy-coated Nylon 6,6 granules at different 
Initial BSA Concentrations (500, 2000, 4000 and 
8000 mg/L). 
 
(V=100 mL, pH=4.9, Ionic Concentration = 0.01M, Granules 
Weight = 10g, Agitation Speed=180 rpm, T=25 ºC) 
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1/qe=19.696/Ce+0.1009 (R2=0.9996) with qmax = 9.91 mg/g and b = 0.00512 for APPy 
adsorption and 1/qe=30.354/Ce+0.1034 (R2=0.9926) with qmax = 9.67 mg/g and b = 
0.00341 for PPy adsorption respectively. The plots of the experimental lg qe vs lg Ce are 
shown in Figure 6.11 (a) and (b). For APPy-coated granules, the model fitting gives log(qe) 
= 0.2272 log(Ce) + 0.17, (R2 = 0.8853) and the values of n and a are determined to be n = 
4.40 and a = 1.48. For PPy-coated granules, there is log(qe) = 0.2512 log(Ce) + 0.0442, (R2 
= 0.8619) and the value of n and a are determined to be n = 3.98 and a = 1.11.  
 
For APPy adsorption, correlation coefficients are calculated to be 0.9996 and 0.8853 for 
the Langmuir equation and the Freundlich equation respectively. It indicates that the 
Langmuir relationship gives a better fit to the experimental values than the Freundlich 
fitting. For PPy adsorption, correlation coefficients are calculated to be 0.9926 and 0.8619 
for the Langmuir equation and the Freundlich equation respectively. The Langmuir 
relationship gives a better fit to the experimental values than the Freundlich also.  It means 
that BSA adsorption on both PPy-coated and APPy-coated granules could be better 
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Adsorption Equilibrium Data of PPy
(Langmuir Fitting)




















Figure 6.10 (a) 
Adsorption Equilibrium Data of APPy
(Langmuir Fitting)























Figure 6.10 Fitted with the Langmuir equation by adsorption 
equilibrium data of BSA on: 
         (a) PPy-coated nylon 6, 6 granules; 
          (b) APPy-coated nylon 6, 6 granules. 
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Adsorption Equilibrium Data of PPy 
(Freundlich Fitting)



















Figure 6.11 (a) 
 
Adsorption Equilibrium Data of APPy
(Freundlich Fitting)




















Figure 6.11 Fitted with the Freundlich equation by adsorption 
equilibrium data of BSA on: 
         (a) PPy-coated nylon 6, 6 granules; 
          (b) APPy-coated nylon 6, 6 granules. 




CONCLUSIONS AND RECOMMENDATION 
 
Because the positive surface charges of the coated granules result from the protonated 
nitrogen atoms (i.e. N+) in the polypyrrole (PPy) coating, a novel method of surface 
amination was used in this paper to get more protonated nitrogen atoms with positive 
charges on the surface of the adsorbent to achieve a higher adsorption of humic acid or 
BSA, attributed to the stronger electrostatic interactions between the positively charged 
granules and the negatively charged humic acid or BSA in the adsorption process.  
 
The XPS analysis shows that, after the surface amination from PPy to APPy, the 
proportion of positively charged nitrogen atoms ([N+]/[N] ratio) of APPy-coated Nylon 6, 
6 granules is up to about 32.8 %, as compared with that of PPy-coated Nylon 6, 6 granules 
at about 24.8 %, which makes APPy-coated granules have higher positive zeta potentials 
than PPy-coated granules. After surface modification, the SEM and AFM images show 
that the surface morphology of APPy-coated Nylon 6, 6 granules appears to be rougher 
than PPy-coated granules. The rougher surface and greater positive zeta potentials of 
APPy-coated granules can be expected to enhance the removal of humic acid or BSA that 
often carry negative zeta potential in normal conditions.  
 
The effects of pH and ionic concentrations on the batch adsorption of humic acids are 
investigated. PPy-coated and APPy-coated granules both have positive zeta potentials at 
pH below 10. However, APPy-coated granules have higher zeta potential values than PPy-
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coated granules. In contrast, the zeta potentials of the uncoated nylon 6,6 granules and 
humic acids are negative at pH > 3, which is due to the ionization of the carboxylic and, to 
a less extent, the phenolic groups in humic acids. As pH increases, adsorption of humic 
acids decreases due to the increased electrostatic repulsion between the humic acid 
molecules and the granular media, and among humic acid molecules themselves. The zeta 
potentials of both PPy-coated and APPy-coated nylon 6,6 decrease when the ionic 
concentration increases while those of the uncoated granules and humic acids become less 
negative. The results may be attributed to the double layers caused by the increased ionic 
concentration, which results in screening charges. Increased ionic strength shields some of 
the repulsive charges between the adsorbed molecules, resulting in increased adsorption 
performance.  
 
The batch adsorption results show that the adsorption performance of APPy-coated 
granules is better than PPy-coated granules under the same adsorption conditions. 
Adsorption equilibrium is studied by carrying out batch adsorption tests under different 
initial humic acids concentrations. The adsorption is linearlized according to the Langmuir 
and Freundlich isotherms and it shows that the experiment data are fit better to the 
Langmuir model. 
 
The adsorptions of BSA with PPy-coated and APPy-coated Nylon 6,6 granules at different 
experimental conditions are also studied. It is found that the maximum adsorption was 
achieved at pH 4.9, which is the isoelectric point of BSA. Because that at the IEP pH, the 
molecular size of the disordered BSA is at its smallest as there is no significant 
electrostatic interactions; at higher ionic concentrations, the adsorption of more ions to the 
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BSA molecules may cause conformational change in the protein structure and thus 
increase the solubility, which consequently reduces the adsorption. BSA adsorption is not 
sensitive to the temperature changes above 25 ºC, but due to the increase of the chain 
mobility of protein molecules, the adsorption performance increases quickly for 
temperatures change from 5 to 25 ºC; with higher agitation speeds, the kinetic condition is 
improved, but the attachment of protein molecules to the available surfaces and the 
reconformation of the protein molecules’  structures after adsorption will be reduced if the 
speed is too high, which may result in poor adsorption performances. The fact that APPy-
coated granules have an obvious higher adsorption amount than PPy-coated ones at pHs 
higher than 4.9 may be attributed to the availability of more amine groups on APPy-
coated granules, which results them in higher positive surface charges. Both PPy-coated 
and APPy-coated granules adsorption can be well fit to the Langmuir model. 
 
In summary, it can be concluded from the research that the APPy-coated granules are 
more effective on humic acids and BSA adsorption than the PPy-coated ones, and the 
surface electric properties of the granular adsorbents play an important role in the removal 
of humic substances and the separation of protein (BSA) through adsorption. 
 
 
Recommendation in future work: 
1. Fixed bed adsorption tests for humic acids onto APPy surface can be carried out 
under conditions of different pH and ionic concentrations, which can be applied to the 
continuous water or wastewater treatment system. Additionally, the regeneration of 
adsorbents can also be investigated. 
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2. The media grains after humic acid adsorption was regenerated by using D.I. water 
or base and acid. But this aspect was not studied in detail. This may be further 
investigated in the future work. 
3. Since the surface modification is a promising field for adsorption, some other 
positively, negatively and neutrally charged groups may be attached on the PPy-coated 
surface, to develop adsorbents with desired properties for other undesirable substances 
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